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ABSTRACT 


The nature of distortion, the effects of welding, methods 
of removing distortion, and previous investigations on 
removing distortion in welded metal structures were discussed. 
A procedure for linear flame straightening panel structures, 
used aboard U.S. Naval ships, and the selection of parameters 
was then presented. The only variable during line heating was 
the heating flame velocity. "T" shaped unrestrained mild 
steel specimen, 1/8" and 3/16" thick, were fillet welded and 
then line heated to provide an angular distortion vs velocity 
relationship. Two panel structures (one using 1/8" plate, the 
other using 4/16" plate) similar to ship deck plates were 
fabricated and then line heated using the method and 
relationship determined from the "T" shaped specimen. 

The results of testing were presented in the form of 
distortion tables and graphs. It was found that line heating 
along the back side of fillet welded stiffeners was an 
effective way of removing out-of-plane and angular distortion. 
If the flame velocity was too low while flame straightening 
one panel, then the adjacent panels were also affected. Also, 
line heating parallel to the stiffeners did not remove 
buckling distortion. 

This study represents a first step in the investigation of 
flame straightening multi-panelled metal structures. 
Recommendations for additional testing using a combination of 
flame heating types, to remove all forms of panel structure 
distortions were presented. 
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Bre rote ONE 


INTRODUCTION 


1.1 General Remark 


ut 


Shrinkage cf weld metal and the accompanying residual 
stresses and distortion is a perennial problem in the 
shipbuilding industry. Much effort has been expended to 
Minimize the distortion that occurs during ship construction. 
While distertion can be produced by many of the assembly 
procedures used in ship fabrication, its principal cause today 
is welding. Welding is used extensively in modern 
Shipbuilding yards, since it offers many advantages (1.2. high 
joint efficiency, water and air tightness, weight saving, no 
limit on thickness, simple structural design, and reduction in 
fabrication time and cost [1]) over other assembly methods 
such as riveting, casting, and forging. 

Many ideas have been advanced as solutions to the problem 
of distortion. Unfortunately, these ideas and theories are 
often in conflict. Although welding has been used extensively 
in ship construction since the 1730's, there is very little 
published experimental or theoretical work on the control and 


removal cf distortion. 


Te eeeeerure sak Distortion 

Distortion in weldments is primarily the result of the 
combined effects of (1) locally-applied heat in the weld zone, 
and (2) restraint provided by both the relatively cold metal 


on @ither side of the weld bead and by other members of the 
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Seeuweruge [C2]. Because a weldment is heated lecally by the 
Welding heat source, the temperature and stress distribution 
in the weldment is not uniform and changes as welding 
peogresses (Figure i-1). During the heating and cooling cycle 
Of the welding process, complex strains occur in the 
Solidified weld metal and base metal regions near the weld. 
The strains produced during heating may be accompanied by 
plastic upsetting. 

For example, when a plate is heated along a line, such as 
with a torch, it will bend upon cooling so as to form a slight 
knuckle along the line. The curvature achieved is the same as 
if the plate were worked slightly with a press except that 
some shrinkage cccurs; see Figure 1-2. Such heating can he 
applied in all directions many times over, or between and/or 
on bends formed by previous heating. What actually happens is 
illustrated in Figure 1-3. Local heating creates thermal 
Stress in a very small region. Young’s Mcodulus and the 
Elastic Limit of the effected material both decrease with the 
rise in temperature (3,4]. As the heat source travels, the 
adjacent material even if not cooled with water remains cool 
enough to resist the thermal created stress. So constrained, 
the heated surface swells beyond its Elastic Limit and 
therefore after cooling rétains Some minute deformation. 
During the cooling process, the bulge-side surface contracts 
more than the other side resulting in angular distortion 
(bending) and some amount of overall shrinkage. 


See Appendix B for a discussion of the "Fundamentals of 
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Figure 1-3: LOCAL HEATING CREATES THERMAL STRESS IN A 


VERY SMALL REGION. TORCH TRAVEL IS IN THE 
DIRECTION TOWARD THE READER. 
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peer DisStorticn in Welded Structur 
Residual stresses and the resulting distortion in 
Structural weldments are caused by three fundamental 
dimensional changes [11]: 
1. Transverse shrinkage perpendicular to the weld 
line, 
2. Longitudinal shrinkage parallel to the weld line, 
and 


3. Angular distortion (rotation around the weld 


line). 
The effects of these dimensional changes on butt and fillet 
welds are shown in Figure 1-4. These three dimensional 


changes are always combined in shipbuilding and the analysis 
ef distortion is extremely complex. Yet, to date, most 
analytic solutions to distortion problems involve simple 
structures. 

Longitudinal and transverse shrinkage are essentially 
designed out of ship structures. If proper shrinkage 
allowances were not allocated during piece fabrication, the 
final assembly would not fit together. However, angular 
Changes, particularly in the area of fillet welds, are a 
problem. 

While angular distortion can be minimized and/or 
controlled by proper design of the weldment and careful 
selection of the welding process and welding variables, some 


inévitably occurs. When the amount of angular distortion 
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(hb) LONGITUDINAL SHRINKAGE 





(c)} ANGULAR DISTORTION 


Figure 1-4: FUNDAMENTAL TYPES OF DIMENSIONAL CHANGES 
DUE TO WELDING 
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Ceptablie Limits, it must be removed. 

as of Removing Angular Distertion 

ar distortion has been cemoved in the past by the 
Heme ae oe By cs Se tea ye, fg El ds 

Mecnanical pressing of members which are small 
enough to be handied Dy a press. 

Jacking of members in place. Usually this method 
requires the welding of a strongback in place to 
Greansmit the jacking force. Jacking can be 


accomplished with or 
Neate 


Hammering of loc 


Peening of the weld metal itself 


Cutting the distorted panel, thus remeving some 


material and welding the cut back together. 


— 


Applying weld beads to the concaved side of th 


Panel to cause shrinkage stresses and draw the 
panel straight. 
Flame: heating of members in place with the use of 


the oxyacetylene flame alone or combined with a 
Water quench. 

Vibratory stress relieving. A variable speed 
vibrator is clamped to the weldment and vibrated at 


resonant frequency for 10 to 30 minutes to remove 


WeStoOrtion. 


The primary method used in shipyards for removing angular 


distortion in ordinary carbon steels is flame heating. 


It is 
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used because it is both an economical and easy method to 
employ compared to all other available metheds. 
ihe eaten iic Intormation, either analytical or 
experimental, is available on mechanisms of distortion removal 
uSing ELlame heating. Thus flame straightening 15 very much an 
=e Usually, to remove distortion, the senicr welder 
determines where a distorted plate should be heated. If the 
first application of heat fails, a second "quess" is made and 
heat again applied. This process is continued until the 
distortion is removed or reduced to acceptable limits. 
The flame straightening methods used to remove angular 
eee Ome enon are bl, 2,35,4,0,6, 7,81: 
er pow Heating. In spot heating, heat is applied 
at a number of Spots on the plate, as shown in 
Pigure (=a. Spot heating 15 used to remove 
WeGtemt rome in thin plated structures. 
2. Line Heating of the panel. In this procedure, 
shown in Figure 1-Sb, the area to be straightened is 


heated along narrow lines within the panel. 


Line Heating of the back side of fillet welds. This 


uJ 


procedure, shown in Figure 1-Sc, is similar to @ 
above except the flame is applied to the back side 
of the welded plate. 

4, Line Heating approximately three to four inches away 
from the fillet weld along a single line. This 
method, shown in figure 1-5d, was developed in a 


German shipyard. 


i 











(a) SPOT HEATING (Bb) LINE HEATING PANELS 


HF tt 
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Caio tNE HEATING BACK (d) LINE HEATING PARALLEL 
OF WELDS LOM WE DS 





Figure 1-5: FLAME STRAIGHTENING METHODS 
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eo Previous Investigations 

A search of the literature on flame straightening theory 
and shrinkage distortion produced limited results concerning 
Previous experimental investigations or analyses. This was 
particularly true for welded plates and structures. Tt must 
also be noted that all the research, both experimental and 
analytical, involved very simple welded structures, none more 
complicated than fillet welded panel structures. 

Flame straightening theory relies on the same phenomena 
as welding, that is expansion and contraction of the material 
7 ls Steel expands or contracts in definite ratios to each 
degree of temperature change. The application of heat to the 
material must force the material to expand into itself in lieu 
of normal expansion in length. This means that colder 
surrounding material must produce the inward force on the 
heated zone [7]. Holt [3] showed that three basic facts must 
be known concerning a material to be flame straightened. 

These facts are: 
1. Thermal expansion charact#ristics of material with a 
rise in temperature. 
2. Variation of yield strength of material with rise in 
temperature. 
3. Behavior of modulus of elasticity at elevated 
temperatures - i.e. the ratio of stress to strain. 
He further explains that when an area is heated and then 
cooled, the material contracts in volume and exerts a pull 


that is equal to the yield point at the temperature of the 
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cooled volume. But angular distortion can be reduced, in 


materials less than 1/2 inch thick, by rapid line heating 


rth 
Ww 
M 
iT 


along the to Be concaved or shortened, using a single 


orifice oxyacetylene torch [C4]. 
Flame heating investigations have been carried out at 

Meee ee dee, 1S, 243 fand Battelle Memorial Institute 

esd, Walsh C10], Duffy €11), and Johnson (12) performed a 


series of investigations to study deformation changes 


iT 


resulting from flame straightening techniques used on various 
welded plates and structures. Mild and higher strength steels 
of 3/8 inch and greater thicknesses were used. A summary of 
their conclusions are: 
1. Spot flame straightening procédures are more 
effective on mild steel than on higher strength 


HY-80 steel £10]. 


ho 


Varying the position of spot flame straightening 
techniques from plate mid-span to fillet weld area 
produced no significant difference in reduced 

aro tOrelon 620). 


When using line flame straightening techniques on 


ir] 


panel structures, it i5 necessary to use a water 
quench to achieve distortion removal [11]. 

4. Line flame heating without water cooling is most 
effective for bending mild steel. The amount of 
bending depends on the material yield strength and 
variation of the yield strength with temperature. 


The direction of bending without the water cooling 
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16 dependent on initial plate conditions and not 


ct 
a 
‘Tt 


Pani eecationge ints, the direction of bending 


cannot be controlled by the heating [12]. 


Sl 


Line flame heating when used for straightening 
should be applied parallel to the weld line, but on 
the opposite side and displaced slightly towards the 
center of the panel. Water cooling should be used 
to cause Bending in the direction which will remcve 
the distortion induced by the welding [17]. 

Battelle Memorial Institute [15] conducted =xperiments to 
determine the effects of flame heating and mechanical 
Straightening on base métal properties. Figure 1-4, copied 
from the Battelle report, shows that above approximately 3/8 
inch plate thickness, buckling type distortion does not occur. 
This figure also demonstrates that as plate thickness 


decreases the distortion problem increases. 


1.4 Analytic Analysis of Weld Distortion 

Because of the complex thermal, residual stress, elastic 
Stress and strain, and plastic stress and strain fields 
produced by welding, to date only simple welded structures 
have been analytically analyzed by researchers [1, 4, 6, 7, 8, 
ae mero 17, 20, 2h, £2, 25, 24). Sider Saat Pe eileen 
developed a two dimensional analytical model using finite 
element methods that predicted, with reasonable degree of 
accuracy, the out-of-plane distortion readings experimentally 


obtained by Welsh [10] when line heating a simple panel 


structure. However, a search of literature did not provide 
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any models capable of predicting distortion in a complex 
welded structures, even one as Simpl] and common as the one 
Stew im Figure 1-7. 

As higher strength, thinner plate steels are introduced 
into ship preduction, the need for predicting and removing 


unwanted welding distortion has increased. 


1.7 Distortion Removal Using Robotics 

Recent developments in robotic technologies, artificial 
intelligence, sensing technologies, and small, powerful 
computers may provide researchers with 3a means of predicting 
and removing distortion in complex welded structures. 

An article by Imakita and Masubuchi [246] describes a 
procedure developed in a Japanese shipyard and currently under 
investigation at M.I.T. for measuring and removing out-of- 
plane distortion in panel structures. In summary, the paper 
discusses how a robot will be used to: 

1. follow a predetermined path over the top of a 
welded panel, such as a ships deck, and measure the 
Sue -ct-plane Gistortion, 

Z. analyze the measurement readings, by comparing it 
With data obtained previously, to determine what 
type of flame heating to apply in order to remove 
the distortion at each location, 


pass over the panel again, this time applying flame 


J 


heating of the appropriate type and velocity to 
remove some or all of the distortion measured on the 


first pass, 


= 
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+. repeat steps 1 through 3 until it is determined that 
all undesirable distortion is removed or that human 
assistance is required. 

In order for step 7 of the procedure to be accomplished, 
data that the robot’s computer can use must be experimentally 
obtained for each type of metal used. One of the purposes of 
this thesis is to accumulate data for thin mild steel panel 
Structures. Once the robot 15 in operation the data base can 
be continuously updated and improved using data obtained from 


the most recent distortion removal job. 


1.8 Purpose of this Study 

Since there were no previous experimental investigations 
into flame straightening effects on multi-panel welded 
structures, this study represented the first step in that 
direction. The purpose of this study was: 

1. To design and construct system models representing 
multiple panel plate and stiffener joints found in 
ship construction. 

<. To observe the effects of using line flame heating 
to straighten mild steel panel structures containing 
fillet welded angular distortion. 

3. Accumulate data on 1/8 inch and 3/16 inch thick mild 
steel panel structures. In the future, this data is 
to be used by robots in an "expert" system to remove 
panel distortion. 

4. Compare distortion patterns obtained from multi- 


panel structures with those obtained from previous 


27 








experiments using single panel structures. 


is 


Observe the effect line heating one panel has on the 
other eight panels of the stiffened plate 


structures. 


meget ataneter Selection 

Mild steel was selected as the material to he 
investigated. It is still used extensively in ship 
construction, relatively inexpensive, and available. Plate 
and stiffener thicknesses of 1/8 inch and 3/14 inch were 
selected for this investigation. These plate thicknesses give 
large angular distortion for the size of panels used and the 
fabrication techniques employed in their construction. 

There were 2 types of specimens used in this 
investigation. One was a flat square plate with a stiffener 
fillet welded across it’s mid span (see Figures 2-1 and 7-7). 
This type of specimen will be referred to as a "free-end 
sample". The other typ= of specimen was a large plate with 
"T" shaped stiffeners welded to one side. The stiffeners were 
welded in a configuration that produced nine (7) panels as can 
be seen in Figure 2-7. This type of specimen will be referred 
to as a "Stiffened plate". The stiffened plate configuration 
was selected based on plate and stiffener joint construction 
found on U.S. Naval Ship hulls. However, the dimensions were 
reduced in size for ease in construction and handling within 
the laboratory. The free-end samples were configured as those 
used in previous investigations at M.1.T. 


All specimens were welded in the horizontal position 
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fog Gas mMotal-are (MIG), DCRP, globular transfer method. 


Shielding gas was 25% carbon dioxide and 75% argon. All 1/8 
inch thick plates were welded using filler wire of size 0,036 
inch. All 3/14 inch thick plates were welded with wire size 


feos Inch. 

Line flame heating was used to remove the angular 
distortion in this study. The torch tip height was maintained 
constant at 3/16 inch for the 1/8 inch thick plate and 1/4 
inch for the 3/146 inch thick plate. The torch velocity was 
varied, providing a variation in energy input for distortion 
removal. 

The radiagraph, shown in Figure 2-14, was used for both 
the free-end samples and the stiffened plates to maintain a 
straight path, control flame velocity, and ensure constant tip 


height while flame heating. 
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CHAPTER TWO 
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1. Fabrication and angular distortion measurements of 
free-end samples, 
2) Raptr iGation of the 3/16° and 1/8" stiffened plates, 


and 


es | 


Measurement of out of plane distortion in the 
stiffened plates. 

The free-end samples (Figures 2-1 and 2-2) were used to 
determine the functional relationship between angular 
distortion removal [d(ri)] and flame heating velocity [Cv] for 
each of the mild steel plates used. This functional 
relationship provided the flame velocity that was used for 
removing angular distortion from the fabricated stiffened 
plates. 

The stiffened plates (Figure 2-7) are models of ship deck 
plates. They contain 7 panels, separated by "T" stiffeners. 
Line heating applied to these plate assemblies, at velocities 
determined by the functional relationship described above, 
removed out of plane distortion. 

The stiffened plates out-of-plane distortion measurements 
were taken using a GIDDING & LEWIS milling device (Figure Zz- 


17). The procedure will be described in section 2.4.2. 
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This chapter contains a discussion of the procedures used 
in each phase of the experiment along with a description of 
the equipment used to fabricate and measure distortion in the 


free-end samples and stiffened plates. 


2.2 Description of Specimens 

For each plate thickness (1/8 inch or 3/14 inch) there 
were two types of specimens used (see discussion in section 
1.9 above). The free-end samples were made using 1zZ" x 12" x 
h" plate with a 4" x 12" x h" stiffener f£1112t welded to the 
middle of the plate. "h" represents the plate thickness, 
either 1/8 inch or 3/16 inch. An ®xample of this type of 
specimen is shown in Figure 2-1. The stiffened plates were 
fabricated using a 74" x 38" x h" plate fillet welded on one 
Side to a "T" stiffener assembly, using double fillet welds. 
The stiffeners were welded in a configuration to produce nine 
(9) panels on each plate. An example of this type of 
structure is shown in Figure 2-7. Sections 2.2.1 and 2.2.2 
describes the procedure used during the fabrication of the 


free-end samples and the stiffened plates. 


Z.2.1 Free-end Samples 

There were five each of the 3/16 and 1/8 inch thick free- 
end samples made that provided useful data for this thesis. 
The plate and stiffener of each sample were made of the same 
thickness of mild steel, either 1/8 or 3/16 inch. Appendix C 
provides data on each of the free-end samples. These samples 


were used to determine the relationship between angular 
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distortion removed, d(ri), during each line heating pass and 


flame heating velocity, v. See Figures zZ-17 and 7-18. 


eee. 2 Stiffened Plates 

The 1/8 anch and the 3/14 inch thick stiffened plates 
were both fabricated to the same dimensions. They only 
differed in plate and stiffener thickness. iige me e7 he inch 
sample the "T" stiffeners and plate were made of 3/44 inch 
thick plating, while the 1/8 inch sample was made of 1/8 inch 
thierry plating. 

The "T" stiffeners were fabricated into a 4 transverse 
by 4 longitudinal matrix, that was 36" wide by 72" long (see 
Figures 2-3, 2-4, and 2-5), and then welded to the plate, 
which was 38" wide by 74" long (see Figures 27-4 and 2-7). #£=The 
plate was cut 2" longer and 2" wider than the web assembly so 
that the outer stiffeners could be welded to the plate on both 
Sides, thus providing double fillet welds on all stiffeners. 

The "T" stitfeners were fabricated using intermittent 
Welds. The stiffener assembly was then welded to the plate 
using continuous welds. See section 2.3 for the welding 


procedures used. 


Z£.35 Welding Procedure 

This section will discuss the welding equipment used, 
followed by the welding procedures used for fabricating the 
free-end samples and the stiffened plates. Both the i/8 inch 
and the 3/146 inch spécimens were welded using the same 


procedure, with any exceptions specifically noted. 
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245.1 


Welding Equipment 


All welding was performed using the following AIRCO 


welding machine 


(Figure 2-68): 


MODEL: 27.5 DTR-Z24-A 
STOCK NO.: 1346-5051 

SERIAL NO.: 0507448 

PRIMARY VOLTAGE: ZOB/P30/440 
PRIMARY CURRENT: 33/30/15 
RW: fileece 

KVA: 109 
FREQUENCY: 60Hz, 3-PHASE 
SECONDARY VOLTAGE: 35 
SECONDARY CURRENT: 250 

MA Osea Vs 4 4 

DULY “CYELE: 100% 


The shielding gas was a 


mixture. The flow 
the 2/78 inch thick 


inch specimens. 


All welds were single pass 


MIG, DCRP, 


the horizontal position. 


globular transfer method. 


Pos Carbon dioximer 7O% argon 


rate was maintained at 20 CFH while welding 


Specimens and 40 CFH while welding the 3/14 


double fillet welds using the 


All welding was done in 


The welding parameters were chosen to provide the maximum 


amount of amgular distortion 


for the given plate thickness. 


Watanabe and Satoh [17] experimentally determined the 


relationship between angular distortion 


parameter (O/(h#h)], 


relationship was used, by the author, 


parameters (voltage (V), 


shown in Figure 


current 


CdjJ and the heat input 
2-9. This’ ggaphical 
to determine the 


(I), and flame velocity (v)) 


that would give maximum angular distortion during welding. 


Appendix C contains the Q/(h#h) 


sample. 


values estimated for each 


ho 
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Figure 2-9: ANGULAR DISTORTION, d, vs HEAT INPUT 
PARAMETER, G/h* 
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2.3.2 Free-end Samples (See Figure 7-1) 

Phere were five 3/76 inch thick free-end samples made 
(See appendix C) that provided useful data for this thesis. 
The plate and stiffeners were made of 3/14 inch thick mild 
Steel. The plates were all 12" x 127" x 3/16". The stiffeners 
were all 4" x 12" x 3/16". The stiffeners were centered on 
the plates and tack welded. All stiffeners were then welded 
on one Side from right to left. After all samples were given 
some time to cool the second side of each stiffener was fillet 
welded from right to left. This provided a similar heat flow 
pattern for both sides of the sample. The average welding 
velocity for all five samples was 14.12 in/min (35.846 cm/min). 
The average weld size (Df) was 0.17332 inches (approx. 11/44 
imch). See Figure 2-10 for the definition of Df. The samples 
were welded at 21.8 volts and 157 amps., which [Caccording to 
Watanabe and Satoh] gave the optimum angular distortion for 
the given plate thickness. 

There were also five 1/8 inch thick free-end samples made 
that provided useful data. The plate and stiffeners were made 
of 1/8 inch thick mild steel. The fabrication procedure used 
om these samples was the same as that used for the 3/14 inch 
sample, with the following exception. To prevent buckling, 
all welds were made from the middle of the sample out towards 
the edges. The welding sequence is shown in Figure 2-11. 

Weld passes No. 1 and 2 were completed on all samples and than 
passes No. 3 and 4 were accomplished. This gave each sample 


time to cool prior to the last two passes. This procedure 
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provided samples with minimum buckling distortion. The 
average welding velocity for all five samples was 14.54 in/min 
(42.02 cm/min). The average weld size (Df) was 0.105 inches 
(approx. “7/64 inch). All welds were made at 17 volts and 1906 
amps, which gave the optimum angular distortion for the given 


plate thickness. 


Beeeo Stittened Plates 
The sequence for fabricating the stiffened plates was as 
follows: 

1. The "T" stiffeners were fabricated. All webs were 
welded together, using continuous welds, producing 
the web assembly (Figures Z-3 and 2-4). The flanges, 
Which were Z inches wide, were then welded to the web 
assembly using intermittent welds. This produced the 
stiffener assembly (Figure Z#-5). 

2. The stiffener assembly was then centered on the 
plate, tacked, and welded using continuous welds 
Meat eet 26 ) 

Both stiffened plate assemblies were welded using the 
Same procedure. However, there was a different approach used 
during the final step described above. For the 3/146 inch 
plate the sequence shown in Figure 2-12 was used while the 
sequence in Figure 7-13 was used while welding the 1/8 inch 
stiffener assembly to it’s plate. The procedure used on the 
1/8 inch plate was recommended by Mr. Fred E. Ingerson [27] to 
minimize buckling distortion, by minimizing residual stress 


build up, when welding very thin plates. A random fillet weld 
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mguee 2 iS. WELDING SEQUENCE USED TO WELD 1/8" “T" 
STIFFENER ASSEMBLY TO 1/8" PLATE 
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Swe Was used but welding was started close to the middle 
of the plate and always welded towards the edge. Also, the 
length of each weld was limited to 4 inches to limit heat 
Build up, thus minimizing thermal stresses. 

The 3/16 inch model was welded with the following 


Parameter settings: 


voltage: oS 

current: 135 amps 

filler wire diameter: 0.035 inches 

filler wire speed: between settings 5 and 4 
turns setting: ei 

tap slope setting: No. 8 

Shielding gas flow rate: 40 CFH 

welding velocity: approx. 14in/min (35. 6cm/min) 


The 1/8 inch model was welded with the following 


Parameter settings: 


voltage: ay, 

current: 105 amps 

filler wire diameter: 0.030 inches 

filler wire speed: between settings 9 and & 
turns setting: ae 

tap slope setting: No. 4 

Shielding gas flow rate: 20 CFH 

welding velocity: approx. 14.3in/min (4z2Zcm/min) 


2.4 Experimental Procedure 
This section describes the procedure used to: 

1. determine the functional relationship between the 
angular distortion removed [d(ri)] and the flame 
straightening velocity (v) used during line heating 
of the free-end samples, 

2. measure out-of-plane distortion ([€Dli,j)1] in the 
stiffened plates, and 


3. apply line heating to the stiffened plate. 
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rat 


2.4.1 Experimental Determination of the d(ri) vs. v 
Relationship 


After th 


iT 


free-end samples were welded, out-of-plane 
distortion measurements CH] were taken using the calipers 
shown in Figure 2-14. The free-end samples were clamped to a 
Calibrated flat surface and three out-of-plane distortion (H] 
readings were taken along the raised edge. The sample was then 
rotated 160 degrees reclamped and three more distortion 
readings were taken. The average out-of-plane distortion 
after welding CH(aw)] was then calculated for each sample and 


used by the following equation 


diwi = 0.S#arctan (tHlaw) - h3/IiGO.5#L5] 

where, d(w) = angular distortion after welding 
h = plate thickness 
ie = plate width 


to determine the angular distortion produced at the stiffener 
do to the double fillet weld. See Figure 2-15 for a pictorial 
description. Values calculated for #ach sample are found in 
Appendix C under "A. After Welding". 

The samples were next attached to a flat welding table 
and line heated, on the back side of the fillet weld, using an 
oxyacetylene torch connected to a radiagraph cart (see Figure 
2-16). Each sample was line heated at a different velocity. 
The radiagraph contains a variable speed control that ranges 
from 5.90 in/min at setting "A" to 47.0 in/min at setting "W". 
The velocities used were distributed through this range, with 
the slowest velocity fast enough to prevent the metal surface 


from melting while heating. The actual velocities used for 
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each of the samples are given in Appendix C under "B. After 
First Flame Heating Pass". 

For all line heating the gas pressures, torch height, and 
method of attaching the sample to the heating table were 
eenstants. 

The 3/126 inch thick samples were line heated under the 


following conditicns: 


torch height: 1/4 inch 

oxygen (O02) pressure: > psig 
acetylene (C2ZH2) pressure: > psl1g 

cto, ch: ARCO style 4890 


tip type # 144 
tip size # 5 


The 1/8 inch thick samples were all line heated under the 


following conditions: 


torch height: 3/16") inch 
QZ pressure: 3 psig 
CZH2 pressure: 3 psig 


mores 


ARCO style 0400 


tip style # 71 
tip size # 3 


After line heating, out-of plane distortion readings 
CH(al)] were again taken as described above (Figure 7-14), 
angular distortion after the first heating pass [d(ai)] was 
Calculated (see equation in Appendix C), and angular 
distortion removed during the first heating pass [d(r1)], 
d(ri) = d(w) - d(ai)] was calculated. These values are 
recorded in Appendix C under the heading "B. After the First 
Flame Heating Pass". Each sample was then heated a second 
time, at the same velocity as their first pass, and distortion 
readings CH(a2) measured, dlaz) calculated, and d(r2) = d(ai) 


- d(aZ) calculated] were recorded in Appendix C under "C. 
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after The Second Flame Heating Pass". 

Pes=a2 On this data Figures 2-17 jand 27-18 were plotted. 
These graphs provide the needed relationships between angular 
distortion removal (Cd(ril and flame heating velocity (v] for 
mild steel which was used to remove the out-of-plane 
distortion in the stiffened plates. d(r3) and d(r4), in 
assumed functions based on the relationship 


Figure £-18, wer 


IT! 


Detween d(ri) and d(r2), and from previous research results 


2.4.2 Measurement of Out-of-Plane Distortion in the Stiffened 
Plates 


Out-of-plane distortion ([(D(i,7)] measurements of the 
stiffened plates were made after welding and after each flame 
Straightening pass. The GIDDING & LEWIS milling device shown 
in Figure 2-197 was used. The mill arm, extended and locked 
into position, held the dial gauge/indicator (range -0.500 to 
0.500 inch, with markings at 9.001 inches, and accuracy of 
0.001 inches) used to measure cut-of-plane distortion (Figure 
27-20). The stiffened plate was clamped to the table so that 
it did not move relative to the table during machine 
Operation. The tables vertical measured accuracy was within 
0.002 inches. The tahle was then moved in, out, left, or 
right: which carried the stiffened plate under the dial 
indicator where measurements were taken. 

The dial indicator was zeroed at a reference point. All 
distortion measurements were then taken relative to this 


reference point. A grid system was established as shown in 


DS 
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Figures 27-20 and 2-21, Distortion measurements could then he 
taken at the intersection of each of the grid lines by moving 
the table under the dial indicator. 

Two sets of distortion readings were taken using the 3/14 
inch thick stiffened plate, prior to any flame heating. The 
indicated deflections never changed more than 0.003 inches, 
thus all readings taken were assumed to he accurate to within 
0.003 inches. 

The first 7 sets of deflection readings were taken at 
each of the grid intersections shown in Figure 2-21. The 
remaining sets of deflection readings had distortion 
measurements recorded every Z inches on the stiffener lines 
and on the mid panel lines only. (See Figure 2-22) The 
reduction in the number of readings was do to time and cost 


restraints. 


2.4.3 Stiffened Plate Straightening Technique 

Each plate contained Y panels and was labeled as shown in 
Figure 2Z-23. One panel was line heated during a flame heating 
session. The radiagraph and parameter settings used for line 
heating the free-end samples, as presented in section 2.4.1 
above, were also used on the plates. Line heating was applied 
along each of the four stiffeners, at a distance of one fillet 
weld width (DfJ] towards the panel side of the stiffener (ses 
the broken lines in panel 5 of Figure 2-23). Next, readings 
on the entire plate were taken and recorded. The next panel 
was then flame heated and measured. This procedure was 


repeated until all panels were heated once and most panels 
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MEASUREMENT GRID ON TOP SURFACE OF STIFFENED PLATE 


Regure 2-71: 
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Figure 2-73: PANEL NOMENCLATURE USED IN THIS PAPER 


63 








it 


were heated twice, 


"I 
CO 
rs 
ct 
ra 


= oo 71mMen thick plate, the first panel heated was 
#5, followed in order by #4, #2, #6, #45, #1, #7, #3, and #7. 
The order of heating for the second pass and for the line 
heating passes on the 1/8 inch thick plate are as indicated in 
faeass 2-1 and 2-2. 

Line heating was always applied in a direction away from 


th 


iT! 


center of the plate, to reduce the amount of residual 
stress build up. The direction that line heating was applied 
on each of the panels is shown by arrows in Figures 2-24 and 
2-25. The order of applying line heat, while heating each 
panel, is indicated by the numbers next to each of the lines 
fPounag im Figures 2-274 and 2-25. For example, when line 
heating panel #8 on the 3/146 inch thick plate (Figure 2-24) 
the first line heating pass was directed from J to kK at a 
distance Df from the stiffener. The second heating was from J 
to N, the third from K to 0, and the last from N to QO. Note 
that all line heating paths are directed, as much as possible, 


away from the center of the plate. 


Pees ee Galculation of Line Heating Velocity 

The procedure followed in this section is based on the 
assumption that the middle strip of panel, in both the 
longitudinal and transverse direction, behaves as if 1t were 
unrestrained. That is, it reacts to line heating similar to 
the free-end samples discussed above. Thus, to determining 
the line heating velocity, the angular distortion at mid panel 


is measured and this value is entered into the appropriate 
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eee tee tia) DINE HEAT TO THE 3/146" STIFFENED PLATE 


SEGUENCE Lot PASS ZND PASS 
| | 
SE | 2 | = 
| | 
2ND | ~ | & 
| | 
SRD | 2 | A 
| 
4TH | 8 | 8 
| | 
ohh | 6 | al 
| | 
Sn | dt | 3 
| | 
7TH | 7 | i 
| | 
8TH | = | 7 
| | 
Tn | 7 | 


NOTE: PANEL #4 WAS NOT LINE HEATED ON THE SECOND PASS. 
CPANEL #4 HAD EXCESS BUCKLING] 
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Be Eee 2 ee 


Povo rooney UNGeLONE HEAT TO THE 1/8" STIFFENED PLATE 


SEQUENCE Sie r Aoa “ND PASS Shp -PaAss 4TH PASS 


iat | 2 > | 1 | 7 
| ! | 
ZND | + 4 | E | 1 
| | 
=D | 6 | 1 | | 
; | | | 
4TH | 2 | v | | 
| | | | 
Sin | 8 | | | 
| | | | 
6TH | = | | | 
| | | 
7TH | 1 | | | 
| | | | 
8TH | ie | | 
| | | 
oth | 7 | | 


NOTE: After the first pass panels #2, #3, #6, and #8 had 
minimal out-of-plane distortion remaining or buckled and were 
thus not line heated on the following heat passes. Panel #9 was 
damaged while measuring the plate after heating panel #5 the 
second time and was thus not heated again. Panels #7 and #1 were 
each heated 4 times. On the first pass their out-of-plane 
distortion increased, due to excessive heat energy added, and 
passes two, three, and four were accomplished at speeds greater 
than the critical velocity to see if distortion could be removed. 
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NOTE: The arrows indicate the direction of applying 
line heat and the numbers next to each arrow 
Slgnifies the sequence of applying heat to 
each panel. 


Figure 2-24: 3/16" PLATE LINE HEATING PATTERN 
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the direction of applying 


line heat and the numbers next to each arrow 
Signifies the sequence of applying heat to 


each panel. 
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PLATE LINE HEATING PATTERN 


1/8" 


The arrows indicat 
Figure 2z-25: 


NOTE: 





Sese weer laine <-17 of 2-18) to obtain the line heating 
velocity for that pass. 

The velocity of the radiagraph for each line heating run 
was Calculated based on the cut-of-plane distortion 
measurements obtained during the previous recording session. 
Refer to Figure 2-26 for deflection readings and Figures 7-27 
and 2-28 for graphs of the mid panel line deflections used in 
the following discussion. Figure ¢-26 contains the after 
welding out-of-plane distortion readings recorded for panel #5 
Sietness/ié inch thick plate. In other words, this is the 
data used when calculating the velocity for removing 
distortion in panel #5 when heating panel #5 for the first 
pass. This data is also found in Appendix D. The steps used 
for calculating the line heating velocities for each pass are 
as follows: 

1. Calculate the reference angle. This is the slope of 
the panel from one side stiffener to the other side 
stiffener. There are two reference angles, one 


longitudinal and one transverse. The xr 


IT 


ference angles 
was calculated by 


d(rL5) = the longitudinal reference angle for panel 
#5 in radians (see Figure 2-27) 


d(rL5) = arctan tchang® in displacement/panel 
length: 
d(rtS) = the transverse reference angle for panel 


tS ah hangians 


d(rtS) = arctan ¢change in displacement/panel 
width:. 


These equations, with appropriate panel numbers in 
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Figure 2-26: QUT-OF-FLANE DISTORTION READINGS TAKEN ON FANEL #5 OF THE 
3/16" STIFFENED PLATE AFTER WELDING. MEASUREMENTS ARE IN 
THOUSANITTHS OF AN INCH. 
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parentheses, 
For the panel 


di¢rLs} = 


Mee) 


were used for all line heating passes. 


> @#example, the reference angles are 


Aberin meen IG, O15) ) /24} 
SRO C eo rad 


arctan i(.9028 - £-.004])/123} 


O,0018355 rad 


2. Calculate the angular deflection of the mid panel 


lines at each of the stiffeners, referenced to 


horizontal 


2) ae 


eg lis) 


en Gils } 


d(JRLS) 


d(JKLS) 


et) te) 


d(FJtS) 


aeGh to? 


atGktrs) 


Wandle o(FGLS) and dt JKLS) in Figure Zz- 


angular deflections for panel #5 are 


longitudinal angular deflection at 
stiffener FG on the panel #5 side cf the 
stiffener 


aeercane.(-. Ol) - £.016]) 723 
-,045499 rad 


longitudinal angular deflection at 
stiffener JK on the panel #5 side of the 
stiffener 


nee ati eo oo oe OL 1) )/ 2 3 


BOVaaa77 fad 


transverse angular deflection at 
stiffener FJ on the panel #5 side of the 
stiffener 


Bretamewe. 033 - £25004))/2) 
~.014499 rad 


transverse angular deflection at 
stiffener GK on the panel #5 side of the 
stiffener 


pete @(.018 =- C=. 0181) /23 
mor 77h lo rad 


The same equations, with appropriate stiffeners 


designated in parentheses, were used for all line 


heating passes. 


3. Calculate the angular deflection that needs to he 


7h 





removed at e@ach stiffener, related to the reference 
ae ee angle ai rGaol@and AtIhS) an Figure 2-27. The 
calculations for these angles are 


d(FGS) = angular deflection at mid panel on the 
panel #5 side of stiffener FG 


mena) —~abows (FGLo7> =) dt rls) > 
eee woot ee lS. OUT 25) s 
= 0.0243738 rad 


d(JKS) = angular deflection at mid panel on the 
panel #5 side of stiffener JK 


Mes =o biowd (hk io) — id trlLo)F 
Sebo Owe?) = b=. UOLLZS Te 
= 0.0111247 rad 


d(FJ5) = angular deflection at mid panel on the 
panel #5 side of stiffener FJ 


MVE cow =Abo va (Eiro) = d(rt3)s 
Seen? 7  t.00L8S3) + 
==J0.01505 rad 


d(GRS) = angular deflection at mid panel on the 
panel #5 side of stiffener Gk 


ich ayeAbo a ( Gkto) — dt(rts) 3 
SHooeeeir 778 —- £,.00183312 
= Ute los “rad 

The same equations, with appropriate stiffeners 

designated in parentheses, are used for all line heating 

passes. 

4. Calculate the velocities that must be used to remove 
80 % of the angular deflection. Because of 
uncertainties in the angular deflection formulas 
used, only 89% of the angular deflection value 
Calculated was used to determine the line heating 
velocity. The formula used to calculate the 


velocities are derived from the d(ri1) and d(rZ) 
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Stevo OLer eure ce 2e-)/ anid 2-18 and are given below. 
--Velocity formula for the first line heating pass. 
a. €4/145 inch plate) 
vV(1) = O.404784/(,8#d(ri) + 0.006353) 
bh. (1/78 inch plate] 
Aone Coto loy(. stay i) + 0.00197) 
where, d(r1) and v(1l) are the angular deflection 
that is to be removed and the line heating velocity 
required, respectively, for the panel and stiffener 
im question. (For this example, d(ril) = d(FGS) or 
Mgitecwmmeoreg hoo)! Or G€(GK5), and v(1) = v(FGS) or 
v(JKS) or v(FJS) or v(GKS), depending upon which 
stiffener is being calculated) 
--Velocity formula for the second line heating pass. 
Ge ts7 leeineh plated 
Womens So7707/ (, 8ed(r2Z)<+ 0.00382539) 
d. C1/8 inch plate] 
v(2) = 0.147852/(.8#d(r2) + 0.001574) 
where, d(r2) and v(Z) are the angular deflection 
that remains to be removed during the second line 
heating pass and the line heating velocity 
required, respectively, for the panel and stiffener 
in question. 


--Velocity formula for the third and fourth line 


heating pass. (12/8" plate only) 
e. vi3) = 0.1182816/(.8#d(r3) + 0.0012608) 
f. v4) = 0.0946258/(.8#d(r4) + 0.0010086) 
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AS an example, to calculate the velocity required, for 
the first line heating pass, along stiffener FG on the 


panel #5 side of the 3/146 inch plate; use equation "a" 


Wives = VibGo) and atri) = d(FGS). So: 
V(FGS) = 0.407B84/(.8#0.0143738 + 0.00633) 


22.88 in/min 


i 


Tables 2-3 through 2-7 contain the calculated velocities 
that were applied while heating the panels. These velocities 
were based on the d(ri) versus v relationship of Figures 2-17 
sida 2-18. 

The results of the investigation are found in Chapter Three 


and a discussion of these results follows in Chapter Four. 
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TABLE 2-3: FARAMETERS AND CALCULATED LINE HEATING 
VELQCITIES USED DURING THE FIRST HEATING 


FASS ON THE 2/16" STIFFENED FLATE & 


HEATING REFERENCE ANGULAR CALCULATED ACTUAL 
FATH ANGLE, DEPECE ELON, VELOCITY VELOCITY 
Cahbil Wewied-) dC abri? d( abhi} 89 x dCabi?s vlabi) vCarct ) 

Jiesea cls Lee atl in rad. i tatu. in/min in/rin 

FGS —OnOUtles  ——O.015499 ~0.0143736 0.011499 Red Tae 
KJS ~0.001125 0.009999 0.0111247 0.088998 ee ais 
lee Oeootass ~-O07014499 0.0163323 0.013066 EOg oa 
KGS 0.001833 O2,01793l 0.016163 Oebey ae 21.0 7a 
FE4 -0.000083 -0.014999 0.01491355 Oeerr7 32 eae 70 
JI4 -0.000083 0.013499 0.01335825 0.010866 ow 8.0 
E14 0.005708 -0.006500 0.0122082 0.009767 Paasl 7.4 
FJ4 0.005708 0.015749 0.0100404 0.008032 2Be oa 
CR? —OsC0O078s 6 -O-Ulo/4o 0.0157692 0.012515 21.4 7.6 
GF? =O, 000777 0.009499 0.0104789 0.008383 Ele 720 
FR? ~0.001417 -0.019498 0.0180809 0.014465 Ee Ta 
GC? -0.001417 0.021997 0.0234131 Oe0187 61 bees EEO 
JK8 0.002354 -0.008250 0.010604 0.008483 Ler 10.4 
NO8 0.002354 0.007999 0.005646 0.004517 378 14.6 
JING -0.001333 -0.017498 0.016163 Oates 42 21 Cea 
KO8 —Onge leas 0.012499 0.013833 0.011066 eae Vea. 
GH6 6.001235 -0.016998 0.018248 0.014599 Lae hea 
KL6 0.00125 OrOteer7s. 0.012749 O2OLCIS 7 24.0 Ga8 
Ghd O20e4ee5 —O2005750 0.013083 0.010467 24.1 Ps 
LH6 0.904333 0.021497 0.017163 Oso srs 1 20.2 es 
RA1 -0.001542 -0.013499 0.011958 0.009566 eae ea 
fet -0.001542 0.004 0.003542 0.004433 O76 14.4 
EAL -0.004166 -0.018498 0.014331 0.011445 peo 730 
FR1 -0.004166 0.009499 0.013666 OnOLOgss 23.4 Bii7 
a7 0.003417 -0.005 0.008417 0.004733 oo 13.4 
NM7 0.003417 0.012999 0.009583 0.007664 26.7 oe 
IM7 -0.00075 -0.014999 0.014249 0.011899 eas bes 
JIN7 =O 70007 3 0.009999 0.010749 On008 57 7 a7 ie 
Chz3 —~0.009499 -G.022996 0.013496 0.010797 oe a6 Pee 
GH3 =02005499 .-0 002 0.007499 0.005999 Bec oa 
GCZ Orotlgse -O.001 O70 l2333 0.009866 2.0 foe 

HIS OFOTL333 0.025994 0.014661 0.011729 224 less 
KL9 0.003542 -0.005 0.008542 0.006833 30.6 1326 
bry 0.003542 0.018498 0.014954 O,011965 Coal bet 
KO9 0.001583 -0.016499 0.018082 0.014466 1 oo 11.4 
Leo 0.001583 0.019498 0.017914 02014331 1S es 11.4 


K Heating paths are listed by panels and in the sequence by which the 
panels were line heated. 
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TRBLE 2-42 PARAMETERS AND CALCULATED LINE HEATING 
VELOCITIES USED DURING THE 2NI! HEATING 


PHooeeN hee, to OVIPrPENED PLATE * 


HEATING REFERENCE ANGULAR CALCULATED ACTUAL 
FATH ANGLE, QNEFLECTION, VELOCITY VELOCITY 
Cahid Wed.) s dC abi } dé abhi? 8x d@abid vlabi?) vCact) 
in rad. Diy read. ieee scr. ay au. in/min in/min 
FGS sew vo7 se) ~O.01S49° 0.0127492 0.010199 lenge a 
KIS =G.00075 0.007999 0.0087498 V20e77 7? yee ela? 
Jeo 0.000417 -0.016499° 0.0167152 POL doe Lye 7 1952 
KGS 0.000417 OsOfte9?. 0.20110828 0.909844 Soae 24.3 
GH4 gOmO@nece —-O.017798 0.016311 0.014599 18.4 Boy 
KL6 -0. 001488 0.015748 0.017436 0.013949 Ia ao 
GKSG 0.904625 -0.002250 0.006875 0.0055 a 31.4 
LH6 0.004425 0.019498 0.014873 0.011898 OG Toe 
CB2 =O2007499° -O0.024975 0.01354751 O20123576 ee, i926 
GF2 =Cee07477 —0.001 0.0084997 02006779 ora eos-a 
FR2 Osco veS «6©-0.015999 0.0124158 On C0773 3 ere eee 
GC2 -0.001083 0.017998 0.0190814 0.015265 16.4 1920 
JK8 0.006625 0.000600 0.006625 0.605300 31.8 goes 
NO8 6.006625 0.007500 0.000375 0.0007 Oa 4 
JN8 =O,001000 —-G.0G3499 . 0.003667 02002933 41.0 42.0 
KO8 -G.001833 G.0025 0.004333 0.063467 So. SAS 
RAli sOegUeyae >O0.,021997 0.012038 6.009631 ome 25.4 
Bel —Up0077e0 —0.005700 0.004208 0.603367 a7 20 SY se 
EAl ZUNOOteso  -O,01a779 O.011832 0.009456 Fe 230 
FRI -G.004166 0.0035 0.007466 0.004133 oo.8 29.4 
Chas —“UeOtilege “-O,Gi9997 0.008831 0.907065 ras 28.0 
GH3 =—Qnomersee —-G,008999 0.002166 C2001733 48.1 46.7 
603 0.011664 0.009499 0.002166 0.001733 48.1 46.6 
HIS 0.011666 O2021997°, 0.010330 0.008264 eae, 24.8 
ay 0.006958 0.003 0.003958 0.003166 aoe Y. 40.9 
NM7 0.006958 0.010999 6.004041 O00 3233 32 os 40.0 
th7 -Os-01885 —-0,030499 0.008666 0.006933 27.06 27.8 
IN7 -0.001833 0.0025 0.004333 0.003467 S6a0 2923 
Rey 6.006375 0.005750 0.000625 0.005 18.4 
OFS 9.006375 0.018498 0.012123 0.009698 oe a 2350 
KO9 0.001208 -0.006999 0.068208 0.006567 28.4 Lone 
LF9 On0012 08 OmOtee es 0.011791 0.009433 2oae oon” 
K Heating paths are listed by panels and in the sequence by which the 


panels were line heated. 
Velocity ta slow, therefore 
Velocity te fast. The radiagraph has max 
Therefore, this line was not heated. 


used minirmun velocity of 19 in/min 
speed of 47 in/min. 


iD ar 


i? 








TABLE 2-3: PARAMETERS AND CALCULATED LINE HEATING 
VEebQEuiireo Hort MURING THE FIRST HEATING 


Pio Uietttede o SbTIPPENEL PLATE * 


HEATING REFERENCE ANGULAR CALCULATED ACTUAL 
FATH ANGLE, HEPLECTION, Teeotioy —JELUCT TY 
Labi BRIE), dC aber ) d¢ abi? 8 x dCabid vCabid VC Rint? 

in rad. in rad. in rad. Ver atl Ln/min Ln/min 

FGS BIewOor7as -O.006900 0.0055416 0.004433 O67 27 8 
KIS -0.000958 0.003000 0.0039583 0.003147 SG50 Selig tt 
abo UrOddara —0,0107/50 0.0161245 CeO Be > 12.4 12.4 
KG 02005475 0.019498 0.0141226 GeU11L298 (a9 14.1 
FE4 “Oeggtoes “-~O,021997 0.0203715 On 016297 Loe ie 
JI4 TORO 0tS 29 0.904000 0.0056250 0.004500 2O66 Bead 
EI4 0.008914 0.001000 0.0079164 0.906333 22a 22nd 
FJ4 0.008915 O701S999 0.0050B27 0.004066 30.6 a @, 
GHS 02000790 ~O.009999 9.010938 0.008746 i i710 
KL6 0.000938 0.006999 0.005042 0.004833 LF a 27 a? 
GHS 0.904647 0.002 0.902667 0.902133 435.9 4s.2 
LHS 0.004667 0.008999 0.004333 0.903467 34.0 44.4 
CR2 0.905708 C2027 99 ~ 0.007 291 0.005833 oo 20 6 
GF2 0.905708 O-008977 O-0117042 0.009367 Poe eye 
FR2 0.003167 0.005 0.0018333 0.901467 Sore 47.1 
GC2 6.003167 0.905 0.9018333 0.001467 Doac 47.3 
JKE not heated, already wver corrected 

NO8 nat heated already aver carrected 

JN8 0.009958 0.005 0.004958 0.003966 FA el Bie 
KO8 0.609958 0.019249 0.005291 0.004233 29-40 30.4 
Ch3 0.007 a21 0.062 On00go2 | 0.004417 2357 30.5 
GH3 0.907321 0.011500 6.003979 Oe 004185 a ciany boge0 
GC3 0.6005 -0.9011500 0.012000 0.909599 16.0 146.4 
HOS 0.0005 0.011999 0.011499 0.009200 16.4 16.9 
BAI 0.002042 -0.9006500 0.00904? 0,007 235 ALO 20.4 
Fel 0.002542 0.018498 0.015956 0.012765 P20 12 36 
EAL 0.004417 -0.018248 0.622665 0.018132 Cae 10.1 
FRI 0.004417 00257 45.5- 0.019329 0.015463 10.6 Lee 
JI7 -9.005 -0.90247435 0.019745 0.015796 10.4 13 
NM7 -0.005 0.008500 9.913500 0.619800 14.5 14.8 
IM7 0.01025 =O, tOg00 0.020749 OO, 01677. 10.90 dea 
JN7 O,01025 0.931739 0.021490 0.017192 of ti 
KL9 -0.9004125 -0.007000 0.002875 0.002300 43.3 44,7 
OF9 -G.004125 0.00425 0.908375 0.0067 eles 21.8 
KO9 O70Geess —0.0129979 0.015833 0.012466 L256 Pad 
EY 0.902833 0.015249 0.012416 OOO 7 Se iste: ony. 


X Heating paths are 


panels were line heated. 
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listed by panels and in the sequence by which the 








HEATING 
FATH 
Labi 


TABLE 2-4: 


REFERENCE 


ANGLE, 
irre 1 
in rad. 


FARAMETERS AND CALCULATED LINE HEATING 
VELDCITIES USE QURING THE @Nf HEATING 


Fase GN THE 1/8" 


ANGULAR 

Perse LON, 
dC abc) 
in rad. 


d( abi) 
in rad. 


8 


STIFFENED FLATE # 


“% dC ahi? 


in rad. 


CALCULATED 


VELOCITY 
vC abi? 
Ln/Hin 


ACTUAL 
VELUE TTY 
vC act) 
Ln/Min 


ee em cc crm crm crm ce ee ce cme ee cm i nt et cm me et me me tc mmm mm eee meg ce erm meses cee cee cs cee eee ee ee ee eee ee 


o1/ 
NM7 
IM? 
JN7 


k Heating paths are listed by 


nat heated, 
nat heated, already 


0.005583 
De O0aueo 


nat heated, 
not heated, 


0.014466 
0.014464 


0.0005 
0.0005 
0.003938 
0.003958 


= Oey 9 2 
=O20027 92 


0.006833 
0.006833 


already 


OOS / J 
0.017498 


already 

already 
6.002 
0.003500 


-0 .006000 
0.013999 
-0.025245 


0.026993 


OmOeo? 7 J 
0.014999 
-0.018498 
OSUSs7 S/ 


panels were line heated. 


# Velocity ta slow, 


therefare 


mavey 


aver 


0.006500 
0.013499 
0.029203 
OBUa SUG 
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over corrected 
corrected 
0.0093333 
0.0119149 


aver corrected 
morrected 
0.0126656 
0.0091657 


0.007467 
On O07 ace 


0.010133 
Oa007 255 


0.005200 
0.010800 
0.023362 
0.018443 


0.014943 
0.014232 
0.020265 
Ce OL lace 


a a 
OC WO 
We 4 


“MJ OT PQ 


Oo m& OO ® 
- Ot © 
SE AE AE OT 


panels and in the sequence by which the 


used a mMininun velocity of 19 in/min. 








TABLE 2-75 PARAMETERS ANU CALCULATED LINE HEATING 
VELOCITIES USED OQURING THE SRO AND 4TH 
Hen DGS Paoa UN THE tyS" STIFFENED FLATE «* 


HEATING REPERENCe ANGULAR CALCULATED ACTUAL 
FATH ANGLE. HEPLECTION. Velie VERT Ty 
Cahi hed ys dt abiri ) dé abi) eo 2 UK Alaa ey aha? VCact ) 

ii ate Pisa. in rac. in rad. 1n/min Ln/rin 


> ate aiehh atch Gown aie aiekh ait mid ciukb mi teh ate aiehd aichh atch siehb ath ateht aieh> aiuhh otek) atch ath) aiuht minkb mi> ateky miet> ath atekt Minhb ate atch ¢Gqui ath aiukh atch atchh att ateh> atch “iti> atuk> atehh atch atukb minh mid minh atekp mikb mith minh ateh> atuh minh amit mith minh mittd ateky mithh ahh atch atehy mith ated att O08 C0002 mid geet 


Bal 0.000438 -9.00625 0.004488 CC Udad lee oH el 
mel 0.600438 0.00575 0.005513 0.00425 es 18.7 
EAL 0.004 ee 0,025 0.02 a ene ae 
FRI 0.004 Oo ee Os Ul7 2a 0.0138 7.9 # LoeU 
Jy oom 027 pe e0 01S Ome teed 0.0098 10.7 # al 
Ni? ee 0.0035 On00620 0.005 18.9 7 oe 
IM7 Omo@ece, ~=050175 0.02414? Cela das #F Lo 
JSN7 0.006447 On Ua 0.024333 0.019447 ere eee eee 
4TH Fass 
17 -0 0025 Ur CLOey 0.0045 ORO o7 17.2 # 7 aee 
NM7 sO eee 0.005 0.0075 0.0064 tote et ioe 
IM7 (HOGgesee tat eU less §«6©6OLOLTSBS On Cao o7 ey ot 17.2 
JN7 Oe 005 06 sue Oa Cee CaO dy la7 Oe Olas se Dia ane as 
BA 0.000438 -6.00625 0.006488 0.00555 14.9 &# 18.8 
FEI 0.000438 0.00542 0.004979 20027 Be 17.0 ic.? 
EAL Ca0Gs7 a » -0.014 e773 0.0142 6.2 # 18.8 
FRI 0.00375 Onda a 0.012 0.0076 3.9 # a0 


* Heatino paths are listed by panels and in the sequence by which the 
panels were line heated. It was assured that anoular disterticn 
renoval effectiveness decreased by the same “4 an the Srd and 4th 
pass as it did on the 2nd pass (1.6. 802%). 

# Velocity te slow. therefore used a fwinimun velocity of 19 in/rmin. 
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Ghare ek tan Ee 


RESsUi iS 


The results of experiments on the free-end samples and 
the stiffened plates are in the form of tables and graphs. 
Tables 4-1 through 3-9 and Appendixes C through Y contain this 


data. They are discussed below. 


3.1 Presentation of Free-end Sample Data 

Appendix C contains Tables of data obtained from the 
free-end samples. The method of obtaining and the use of this 
data was discussed in sections 2.3.2 and 2.4.1. Section I 
contains the data for the 4/145" thick samples and section II 
contains the data for the 1/8" samples. Figures 72-17 and 2-186 
were plotted using the d(ri)d and 1i/vi data obtained from 


sections B and C of this appendix. 


3.2 Presentation of Stiffened Plate Data 

Appendixes D, E, F, and G contain the out-of-plane 
deflection readings for the stiffened plates. Appendix D 
contains deflection data for the 3/146" plate recorded after 
welding and after each panel was line heated the first time. 
The first six sets of data contain deflection measurements 
recorded at each 2 inch increment from point A to point P, see 
Figure 2-Z1. All other sets of data, in Appendix D and all 
data in Appendixes E, F, and G, contain recorded deflections 
on stiffeners and mid-panel lines only. Refer to the 


discussion in section 2.4.2 and Figure 2-22. 


83 





Appendix E contains deflection data for the 3/14" plate 
recorded after each panel was line heated the second time. 
Appendix F contains deflection data for the 1/8" plate 


recorded after welding and after each panel was line heated 


Appendix G contains deflection data for the 1/8" plate 


recorded after panels 3, 4, 1, and 7 were line heated a second 


iT! 


time and after panels 1 and 7 were Line heated for a third anda 
Pour th tine. 

In appendixes D, E, F. and G the TRANSVERSE and LONGITUDE 
Spacing was 2 inches. All deflection readings in the matrixes 
are in thousandths (0.001) of am inches. For example, the 
out-of-plane distortion at 10 inches TRANSVERSE and % inches 


LONGITUDE, in the matrix labeled "DISTORTION MEASUREMENTS OF 


Peer er ee TE AFITER WELDING”, i5 -0.075 inches (i.26. 0.075 below 


ct 


he reference point). This point is designated D(é&,2), in the 


iT 


momenclature, as it 15 on the 4th line in the TRANSVERSE 


Mise tlon andthe 2h Line im the LONGITUDE direction. 


3.2.1 Graphs of Mid-Panel deflections 

Appendixes H, I, J, K, and L are graphs of the mid-panel 
deflection data recorded in Appendixes D, E, F, AND G 
discussed above. Each appendix has the graphs arranged in the 
following se@quence: 


A. Transverse Mid-Panel Deflections 


tr] 


io Panels i, 2, and 


Panels 4, 3, and 4 


~l 


oi Boe Ls) fF, Oy arid 


8), 





ted 
to 
C3 
“j 
©} 
te 
ra 
C 
ik. 
ke 
ae 
ji! 
-~ 
= 
ke . 
iL 
i 
'T) 
LW 
a) 
ITI 
}~- 
pL 
Tt 
rh 
fe 
tT 
rm 
ct 
bE 
mI 
at 
i} 


ie Panels a; +, and 


i] 


ee Panels 7. » and 8 


ir 


= Panels 43 and 7 


Peen S=t CL Graphs contains up to six plots of mid-panel 


ments, presented in the order at which each 


ITI 


deflection measur 
panel was line heated and measured. For @xample, the set of 
Rate netic leds S7lG FLATE DEFLECTION” for "PANELS ONE, TWO, 
AND THREE" contains plots of mid-panel deflection measurements 
Seeeune 3/16" plate for: 

i, after welding 


= after line heating panel 5 


IsJ 


after line heating panel 4 


4, after line heating panel =z 
a after line heating panel 8 
ae after line heating panel 4 
The set of graphs on the following page contains plots of 


mid-panel deflection measurements for: 


Joe atter line heating panel 1 
ies after line heating panel 7 
Ss after line heating panel 3 
4, after line heating panel 7 


These plots are in the order at which the panels were line 


Heated as discussed in section 7.4.3 and listed in Tables 7-1 


Appendix H contains the graphs of out-of-plane deflection 


readings on the 3/14" plate for after welding and after the 
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first line heating pass cf each panel. 

Appendix I contains the graphs of deflection readings 
after the second pass on the 3/14" piate. 
Appendix J, K, and L contains the graphs of deflection 


readings for the 1/6" plate after the first pass, second pass, 


and third and fourth pass, respectively. 


3.2.27 Actual Angular Distortion Removed from Plates 

Figures 2-17 and 2-18 show the angular distortion versus 
velocity relationship that was used while heating the 
Stiffened plates. This relationship was experimentally 
determined using the free-end samples, as discussed in 


> 
be 


Sefetrois 2.50.2 anid 2.4.1. The actual angular distortion 
versus velocity relationship for each stiffened plate was 
determined by measuring the angular distortion in #ach panel 
prior to and after each panel was line heated. Tables 3-1 
through 4-3 give these measured distortions and the actual 
angular distortions that were removed after heating a panel. 
The negative values in the last column indicate that angular 
distortion was increased after heating at that stiffener. 
Figures 4-1 through 4-4 were graphed using the data from these 


tables. 


Serene os Shape oft Panel Distortion 

Peeendacecemies N, O, P, G, RK, S, T, and U contain plots of 
graphs obtained from the first 4 sets of deflection data 
points found in Appendix D. These are the sets of deflection 


readings that contained measurements recorded at every 2 inch 
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TABLE 3-1: ACTUAL ANGULAR DISTORTION REMOQVET 
FROM THE 3716" STIFFENED FLATE DURING 
THE 


FIRST HEATING FASS ¥ 


HEATING FRE-HEATING FOST-HEATING ACTUAL ACTUAL ANGULAR 
FATH ANGULAR UIST. ANGULAR DIST. VELOCITY DIST. REMOVETL 
Tabi ce atic. pre dC atri past vC ahi } MG daet 

Ries s TAN Weettl in/eAin iieread. 
FES = Odea =( 5007 & reg 0.008 
KIS 0,60100 OS005s oo 0.0045 
ae ~0.0145 AOI) 5.7 0.6042 
KGS 0.0180 0.60118 7 20 0.0062 
FE4 “00 noo -0.023 Za --00e 
JT4 G.01Sa 0202 Gad “O.0060 
EIL4 =O 06g 0.008 74 0.0145 
Fi4 G2 0157 SO et ies GO 02a? 
C2 =O. Gi67 = Oto Lae =O OCS 
GF? 0.0095 0.0065 ae 02003 
FRO “G OfeS “GLO LF p20 0.0005 
Ee2 6.0220 O2O01ag 7 aS 0.0065 
JIK8 ~G, 0083 70,0004 10.4 0.0078 
N08 0.0080 0.0045 14.64 G2 O0ga 
JNB =O es —V200e Sie 0.0095 
KO8 CeO dad COGeo vee C210 
GHS =O7 007 © aCe a fab 0.066 
KL& 0.0146 0.0245 8.8 =e 0tOo 
GK& ~§ 0088 =O5003 Vag 0.0038 
LHS 6.0215 G201e5 oa 0.002 
RAi De Otog -(n0e2g ce =O 009 
pat 0.0040 -~9,.0088 14.4 0.0128 
EAL (a Ones o SOE Odg aU G7 0048S 
feed 0.0095 0.0053 ey 6.0042 
ae Oe CO 6.0025 13.4 OF 007 a 
NM7 C2050 G2007 ieee 0.004 
TM7 —(50na0 =O5 U0 12.0 6.005 
JIN7 0.0106 OL 0025 ee 0.067% 
1S =O 20250 OO so ieee O,0030 
GHS -0.0020 -G.0050 L3a7 G5 0025 
G03 -0.0010 020055 dew 6.0065 
HS 0.0260 0.0203 i eo G20057 
KLY Sl) 0.9038 hoe 0.0088 
OFS Cause GSO 1 a tet e004 
KO9 See —, 0078 11.4 0.0087 
ee 02.0195 On oa i are 0.0064 


K Heating paths are listed by panels and in the sequence by which the 


penels were line heated. 
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TABLE 3-2: ACTUAL ANGULAR DISTORTION REMOVED 
FROM THE 3/714" STIFFENED FLATE DURING 
THE SECOND HEATING FASS # 


HEATING FRE-HEATING FOST-HEATING ACTUAL ACTUAL ANGULAR 
FaTH ANGULAR DIST. ANGULAR DIST. VELOCITY let. REnEvVel 
Tabi d(C abel ipre dC ahi past vo abi) dO ridact 

in rad. in rad. in/min Tiere tls 
FES =O20135 20.002 fe ae OOieue 
KU5 5, G086 0.0600 ey ee 0.008 
JFS =(201o0 =O) tA Pe. 2 0.0055 
K65 0.0113 6.0068 earS 6.0047 
GH6 =O20180 =O 007 > Loa 0.0087 
KL& Om ay Oe 0LOS be. 0.0054 
GK6 =e 5 O29025 31.4 0.0048 
LH6é moe 0.6014 ed O200g0 
rae =O30 200 =O 501 4 aes 02007 
GF2 0.001 O00 2S8a0 0.008 
FR? Oren -~9 0045 meme 0.009 
GC2 6.0180 0.0085 be ee 0.0095 
JK8 6.9600 0.009 Bee 02069 
NO8 02007 > 0.0055 Se 9.002 
INS “(OO gd -0.0608 42.9 6.0047 
KO8 0.0025 =V-002s ae 9.905 
Ral “020220 =O Oud reset On Oi 
Fel -~9 0058 OPO es ae oe 0.006 
EAI =O 20160 -Q20065 23.0 G 20075 
ad 0.0035 -9 006 29.4 0.0095 
Ch3 -9 .02060 OmOlos ee A 0.0062 
GHS -0.00906 (mus 3 46.7 0.0043 
BC3 0.009% 0.9145 46.4 0.005 
Hti3 0.0220 O20ts 24.8 C2007 
7 0.003 02007 3 40.5 6.0045 
NM7 OSG1190 0.0075 40.06 OaeGGs5 
yy = 20103 =(pevas 7 aS 0.004 
JIN7Z UeO0O23 =) 0023 ao 0.0048 
KL9 6.0058 6.01 eee 0.0042 
OFS OnOTes 6.9083 25.0 Caw Loe 
KO9 -6.0070 0.0045 Zoe G.901195 
ey O70 1s0 0.004 2a GZ009 


K Heatino paths are listed by panels and in the sequence by which the 
panels were line heated. 
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TABLE 2-32 ACTUAL ANGULAR DISTORTION REMOVED 
FROM THE 1/8" STIFFENED FLATE DURING 
THE FIRST HEATING PASS # 


HEATING FRE-HEATING FOST-HEATING ACTUAL ACTUAL ANGULAR 
FATH ANGULAR DIST. ANGULAR DIST. VELOCITY DIST. REMOVER 


Cahill dé ahec1 Jpre CC ahetl ypast ve abl ) dC ra sat 
in rad. Pilea « in/rin in rad. 
FOS =O 2006S 0.0018 eee 6.0083 
KIS G.0036 -6,006 Saao 0.009 
SE Ss -0.0108 0.0005 12.4 0.6113 
KGS UL 2S Oa0le Lr 0.0075 
FE4 -0.0220 =O, OL G.5 i 6.0057 
JI4 0.0040 =O 70013 yn 0.0053 
EI4 0.0616 OF0035 Ce 0.0025 
FJ4 0.0140 0.013 ole O00 1 
GHé =(), O60 =0.003 L726 0.007 
KL& 0.0070 0.06048 alee 0.0023 
GKS 0.0620 0.902 45.2 0.0600 
LHé 0.0090 0.009 34.4 6.6000 
CR2 0.0130 0.61490 2a 0.003 
GF2 6.9040 -0.014 Lowa Cave 
FR 0.005 6.007 47.1 0.062 
GC2 O200a 00s 47.3 0.002 
JK8 0.0045 020079 aa 0.903 
NO SOR 007 —OQeOleo eres 0.0035 
JNB Cad O02 3 Sivek G.0073 
KOS Ces a3 0.009 30.4 0.0063 
Ens 0.002 6.0673 20nd 0.0053 
GH3 Co Cdo 0.6005 Bes 6.0065 
GC3 =OeOlia G..00.3 146.4 G. 0138 
HIS 0.6120 6.0035 hoe? 0.0083 
RAL =O, 0069 = Oe ctal 20.4 Cao 
Bed 0.0185 C2012 5 P66 0.006 
EAL =Oc0LG2 -9,0245 POL sOMOGGS 
FRI 0.92357 0.026 On -0.0023 
7 Ome 47 =O50225 il. 0.0022 
NM7 0.0085 09.0075 14.8 0.001 
IM7 = he 0 os Zou.OLS Bele —Oau07 a 
JN7 Oe SL? 05035 io =O0,0033 
hie -9.0070 -G.0605 44.7 0.0065 
OFS 0.0043 -0.0003 eat G.0046 
KO9 Ue 30 -0.006 fees 0.007 
LES Oe01L 52 OmOLe Lae7 020032 


* Heatino paths are listed by panels and in the sequence by which the 
panels were line heated. 
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HEATING 


FATH 


Cahi 


J 
NM? 
IM? 
JN7 


TABLE 3-4: 


FRE-HEATING 
ANGULAR DIST. 
d¢ Shc pre 


in 


se 
ao 


0 


Ore 

On 

* Heating paths are listed by panels and in the sequence by which the 
panels were line heated. 


rad. 


0145 
901 
002 
0055 


9040 
0140 


fora? 


Kee tad ave 


0270 


O240 


0185 
6337 


PROS (needy 3. 
SECOND 


in rad. 


0.0098 
-0.0095 
CE Ug ie 
-0.0005 


=O 08 

Sve O LG 
0.0063 
0.0025 


=O,00is 
0.003 

-0.0205 
0.021 


ae OE si 
0.0035 
-0.0175 
0.031 


HEATING F 


PFOST-HEATING 
ANGULAR DIST. 
dC ahi past 


90 


ALTUAL ANGULAR DISTORTION REMOVED 
STIFFENED FLATE DURING 


ASS xX 


ACTUAL 
VEROGITY 
YC abi) 
in/Hin 


rere rms ete eh ND cs GE cinch SEE utes cute SPs uci ties euch ns mfr cy mcm utes entre utes SPRUE cut uit chic cme oun uch uch uth cube inh uch cic mms mtscs ete SSS eins Sm cinn nhecictnsiuinh ninth vie SUN Ei nin in cin Sg in 


tee 
Lee 


eee 


So a 


dene 


ve 
tee 
Ol. 
ee 


Fe Ee SO 


Jaa 
anes 
tae 
eal 


Tear 


ACTUAL ANGULAR 
REMOVED 
d¢ridact 


Dies 


Oooo 
s oa 


o> 


0.0045 
0.011 
6.0047 
0.006 


0.009 
OOS 
0.001 
0.9027 





TABLE 3-3: ACTUAL ANGULAR DISTORTION REMOVEL 
FROM THE 1/8" STIFFENED PLATE DURING 
THE SRO. AND 4TH HEATING FASS ¥ 


HEATING FRE-HEATING FOST-HEATING ACTUAL ALTUAL ANGULAR 
FATH ANGULAR UIST. ANGULAR DIST. VELOCITY UIST. REMOVED 


Cahid dC 3hci Jpre dC aici past vCahid dCraidact 
in rad. Gee ea in/min eA aul 
SRE FASS 
RAI SOLBV0GS 0.9013 ae ail 0.0076 
Riel 0.0058 -9.0035 hoo? On0073 
EAL ee -0.0014 eae, 0.0196 
Bd Ona Ls OF ONGg eee 6.011 
aig moe la SOe 07 oat 0.008 
NM? 0.0035 0.001 ea 0.0025 
IM7 SU 201s o SOS 03S er! 0.0042 
JN? O5031 0.0255 eee O2000n 
4TH FASS 
ay -0.007 BOeOLG Hee 0.0057 
NM7 0.005 =O.0025 ane 0.9075 
TM7 aoe ras SO OES: Meh 0.005 
JN? O202oo Calas Loe C0087 
BAL -0.0063 020035 iene 0.0098 
Be 0.0054 -0.0085 ee 9 UU eg 
EAL -0.014 -0.0045 Meiatst 0.0095 
FRI 0.0158 0.007 ie 0.0088 


* Heating paths are listed by panels and in the sequence hy which the 
panels were line heated. 


91 





spacing on the plates from point A to point P. Appendixes M 
threugh U are compared in Chapter 4 with results from previous 
investigations at M.1.T. These graphs show the change in 
deflection alcng each of the transverse and longitudinal 
Pidsencot the 2/16" plate, as panels 5, 4, 2, 8, and 4 are 


line heated. Refer to Figure 3-1 during the following 

Appendix M contains the plates transverse out-of-plane 
deflection readings for lines ADZY through AD7. The First set 
Seegraphsetitied “§“Ss/1e" PLATE DEFLECTION" is the after welding 
data. The second set of graphs is the data taken after panel 5 
was line heated; the third set after panel 4 was line heated; 
aod) SO LOrth. 

Appendix N contains the plates transverse cut-of-plane 
deflection readings for lines AD? through ADL. 

Appendixes O and P contain the plates transverse out-cf- 
Plane deflection readings for lines EH2 through EH12Z. 

Appendixes @ and R contain the transverse deflection 
@=oaaings Lon Lines IL2 through [L1iz. 

fap (re aae tend U contain the longitudinal out-of- 
plane deflection readings for lines AMZ through AM4, BNZ 


through EN4& and COZ through C04, respectively. 


See2e4  Mid-Panel Detlections Di MAX)1iT and D(MAX) iL 
Appendixes V and W contain tables of mid-panel 

deflections, D(MAX)iT and D(MAX)iL, for the stiffened plates 

after welding and after each panel was line heated the given 


mumber of times. Refer to Figure 3-2 for a pictorial 
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Figure 3-1: PICTORIAL DEFINITION OF THE LINE NOMENCLATURE 
Hope VArPEENDIAES Mf FHROUGH U. 
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definition of D(MAX)iT and D(MAX)iL. 

Appendix V contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL, for the 3/14" plate: 

lite after welding, 

2. after each panel was line heated the first time, and 

3. after each panel was line heated the second time. 

Appendix W contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL, for the 1/8" plate: 

1. after welding, 

2. after each panel was line heated the first time, 


3. after panels 5, 4, 1, and 7 were line heated the 
second time, 


4, after panels 1 and 7 were line heated the third time, 
and 


>. after panels 7? and 1 were line heated the fourth 
time, 


The data contained in Appendixes V and W was used to 
calculate the entries in Tables 3-& through 3-9. These tables 
provide the reader with the amount of mid-panel out-of-plane 
distortion, D(MAX)iT and D(MAX)iL, that was removed from each 
panel after that panel was line heated and the overall 
accumulative affect from heating all panels during that 
heating pass. For example, the "Change in D(MAX)3T" of the 
3/146" plate after heating panel #3 the first time was 0.02715 
inches; while the overall "Change in D(MAX)3T" after all the 
panels of the 3/16" plate were heated the first time was 0.0297 
inches. See Table 3-6. 

Appendixes X and Y contain tables comparing the effect of 


line heating on D(MAX)iT and D(MAX)iL. Appendix X is for the 
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TABLE 3-4 


> REDUCTION OF DCMAX1T IN THE 3/14" PLATE 


The amount of reduction in DCMAX)1T produced in each panel immediately 
after that panel was line heated and the overall reduction in I MAX)1T 
of each panel after all panels were line heated. 
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TABLE 3-7: REDUCTION OF EM MAX)iL IN THE 3/16" PLATE 


The amount of reduction in D(MAX)iL produced in each panel immediately 
after that panel was line heated and the overall reduction in DC MAX)iL 
of each panel after all panels were line heated. 


| CHANGE | CHANGE + CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | 
(| IN « IN « IN oa IN ¢ IN ¢ IN IN i: IN « WG 
DC MAX JUL DC MAX 22L 1 DC MAX SLi DC MAX D4L: DCHAX DoLit CHAR 264 ¢ CHRKITL CHAR BLS DCHAX Lt 
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TABLE 3-8: REDUCTION OF OC MAX)1T IN THE 1/8" PLATE 


The amount of reduction in (MMAX)iT produced in each panel inmediately 
after that panel was line heated and the overall reduction in DCMAX iT 
of each panel after 21] panels were heated. 


| CHANGE : CHANGE : CHANGE | CHANGE | CHANGE | CHANGE | CHANGE : CHANGE | CHANGE | 
(| IN « IN « IN « IN : IN ¢ IN ¢ IN ¢ IN ¢« ING 
HEC MAX UT DC MAX JOT: DC MAX DST TDC MAX 47: 1 MAX DST 1 DC MAX DOT 1 DC MAX 7 TS DC MAX BT DC MAX OT I 
Reduction in DCMAX)iT caused by heating panel #1 
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The overall reduction in IM MAXJiT of each panel after all panels were heated 
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TABLE 3-9: REDUCTION OF D¢ MAX ‘iL IN THE 1/8" PLATE 


The amount of reduction in DC MAX UL produced in each panel immediately 
after that panel was line heated and the overall reduction in I MAX dL 
of each panel after all panels were heated, 


(| CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | CHANGE | 
1 IN «i IN ¢ IN ¢ IR ¢t IN ¢« IH t IN ¢ IN: IN | 
CRAKE pena eRS nS a Ik MAX }4L i IK RAK Jobs HICHAX Jol: CHAS 27L ee CHA FL 
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3/16" stiffened plate and Appendix Y is for the 1/8" plate. 
There are two types of comparisons: 


es the affect on D(MAX)1T and D(MAX)iL of line heating 
each of the panels, and 


2. the affect on D(MAX) of all other panels when heating 
just one panel. 


For example, to see the affect that heating all panels has on 
panel #1 mid-panel transverse deflection, D(MAX)1T, turn to 
the first set of tables in Appendix xX. Under A.1.Transverse 
we find: 


~-line heating panel #1 resulted in a reduction of 14.5 
thoeusaidrtis GE an inch in D(MAX)1T, 


-line heating panel #2 resulted in a reduction in 
D(MAX)1T of 9.0135 inches, 


~line heating panel #3 resulted in an increase in 
D(MAX)1T of 0.001 inches, 


~line heating panel #4 resulted in a decrease in D(MAX)1LT 
Gta. 80479 inches, 


To see the affect that line heating panel #1 had on the mid- 
panel longitudinal deflections of all other panels, turn to 
the first set of tables in Appendix X. Under A. Z. Longitudinal 
we find: 

-D(MAX)1L was reduced by 0.00175 inches, 

-D(MAX)27L was reduced by 0.900325 inches, 

-D(MAX)3L was increased by 0.003 inches, 

-D(MAX)4L was reduced by 0.0103 inches, 

-D(MAX)5L was increased by 9.004 inches, etc. 

Chapter Four contains the discussion of the results 


presented in this chapter. 
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pine (ER FOUR 


Ee 


nm 


ERS shONror RESULTS 


OC 


Sere tee sth Gontains the discussion of the results 


presented in Chapter Three. 


4.1 Actual Angular Distortion Removal of Stiffened Plates 
Figure 4-1 shows the actual angular distortion removed 
versus inverse flame velocity for the first pass on the 3/16" 
stiffened plate. Although there is much data scatter, it 
appears that angular distortion removed decreases as velocity 
decreases or l/v increases (1.6. higher energy input) as 
mmoieased by the line in Figure 4-1. Note that the majority 
Sreene Hava points fall within the range of 0.002 to 0.008 
radians. This 1s approximately 6 to 24 % of the angular 
distortion removed at the same velocities in Figure ¢-1/ and 
1s expected since the stiffened plates are restrained at the 
edges. Pecause of the decreasing trend at low flame heating 


147 in/min was chosen fEor the 


Cl 
rh 


velocities, a Minimum velocity 
second pass. 

Figure 4-2 shows the actual angular distortion removed 
versus inverse flame velocity for the second pass. The second 


pass shows about 30 % less scatter than the first pass and an 


iT! 


s (se 


iT 


increase in distortion removal as velocity decreas 
Figure 4-27). This was the relationship expected for the first 
heating pass also and further indicates that the first pass 
Velocities were toc slow. 


Figures 4-3 through 4-4 show the actual angular 
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distortion removed versus inverse flame velocity for the four 


passes on the 1/6" stiff 


tT 


ned plate. Figures 4-3 and 4-4 
contain the results cf the first and second passes. The trend 
1S Similar te that of the 3/714" plate. After the first pass, 
a minimum velocity of 197 in/min was chosen for the remaining 
flame heating passes. 

The results of the first two line heating passes, of the 
3/16" and 1/8" plates, indicate that the actual angular 
distortion removed versus inverse flame velocity (1.6. energy 
input) curve has the same general shape as the angular 
distortion removed versus heat input parameter (Q/(h#*h)1] curve 
per Welding. see Figure 2-7. This indicates that, like 
welding, flame heating at low velocities may increase out-cf- 
plane distortion. 

Figures 4-5, and 4-4 are the graphs of the Srd and 4th 
line heating passes, which were applied to panels #1 and #7 
only. These two panels had an increase in angular distorticn 
after the first line heating pass and were line heated further 
to determine the affect that continued line heating would 
eae Since the velocities used during these two passes were 
Soros iate ly t7.0 ihvminm, the wumportant curve on each of 


these figures is that of average angular distortion removed. 


iT! 


The average distortion removed during the 3rd and 4th line 
heating passes was 90.0085 rad and 0.0082 rad, respectively. 
The angular distortion removed during the ¢nd pass at a 
velocity of 17.0 in/min (i.2. 1l/v of 0.0953) was about 0.0067. 


Although angular distortion removal was expected to decrease 
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during sequential line heating passes, thes 


sults shew that 


Th 


cS 


‘Lt 


the average disterticn removed was virtually the same during 


passes 2. 3, and 4, 
fee Line Heating Stiffened Plates 
This section discusses the out-cfi-plane distortion caused 


by line heating the stiffened plate panels. 


eee 6S 16" Plate 
Figures 4-7 through 4-12 contain graphs of mid-panel 
deflections for the 3/16" stiffened plate recorded after 


welding, after all panels were flame heated the first time, 


and after all panéls wers flame heated the second time. Thes 


iT! 


graphs were taken from Appendixes H and I. Figures 4-7, 4-6, 
and 4-97 contain the transverse mid-panel deflections and 
memes ee4-10, 4-11, amd 4-12 contain the longitudinal mid- 


panel deflections. Except for panei #4, these figures cl 


it 


arly 
show that line heating reduces angular distortion and that 
each heating pass removes more distortion. Refer to Tables 
3.6 and 3.7. The average "Change in D(MAX)iT" and "Change in 
D(MAX)iL" during the first flame heating pass, not includirig 
panel #4, was 9.0244 and 0.9074 inches, respectively. The 
average "Change in D(MAXI1iT" and "Change in D(MAX)iL" during 
the second pass was 0.0300 and 0.0271 inches, respectively. 
Thus, as discussed in section 4.1 for angular distortion 
removal, it appears that as the flame velocity decreases (1.6. 
1/v increases) the out-of-plane distortion removed also 


increases, reaches a peak, and then decreases. The first 
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heating pass was performed at much lower velocities than the 


IT 


IT 
i 


second pass. Thiet could account for the smaller averag 
distortion removed during the first pass as compared with that 
of the second pass. 

Panel #4 shows buckling distortion. This was the only 
panel where line heating was applied to the outer edge first. 
It appears that this may have reduced the buckling strength of 
that panel. To minimize the probability of producing buckling 


distortion in the remainder of the panels the procedure 


described in section 7.4.3 was adopted. 


eee ec 2/8" Plate 

Paniceset Steer OUGh G16 contain graphs of mid-panel 
deflections for the 1/8" stiffened plate recorded after 
welding, after all panels were flame heated the first time, 
after all panels were flame heated the second time, and after 
panels #1 and #7 were flame heated the third and fourth times. 
These graphs were taken from appendixes J, K, and L. Figures 
4-43, 4-14, and 4-15 contain the transverse mid-panel 
deflections and figures 4-14, 4-17, and 4-18 contain the 
longitudinal mid-panel deflections. With the exception of 
panels #1 and #7, these figures show that line heating reduces 
angular distortion and that each heating pass removes more 
distortion. Refer to Tables 3.8 and 3.7. The average "Change 
in D(MAX)iT" and "Change in D(MAX)iL" during the first flame 
heating pass, not including panels #1 and #7, was G,.0258 and 
0.90217 inches, respectively. The average "Change in D(MAX)iT" 


and "Change in D(MAX)iL" during the second pass was 6.0394 and 
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ee oe senses, respectively. Again, 1t appears that the slow 


velocities of the first heating pass removed less dis 


in 


than when the velocities were increased during the secon 


Panels #1 and #7 were flame heated at the Lowest 


Fh 


Lest 


il 


velocities (1.6. highest energy input) during the 
heating pass. If line heating produces a functional 
relationship between out-of-plane distortion and velocity as 
Shown in Figure 2-7 and discussed in section 4.4, then very 
low flame heating velocities could cause the increased 


distortion found in panels #1 and #7. When these panels were 


flame heated at velccities greater than 197.0 in/min (passes 2Z, 


‘Tl 


4, and 4) angular distortion decreased as expected. 

Figures 4-16, 4-17, and 4-18 show that buckling is 
present in the longitudinal mid-panel and that applying linear 
flame heating has little effect on the Buckling distortion But 


decreases the angular distortion. 


ITI 


4.3 Shape of Distortion Along the Panels 

Appendixes M through U show the out-of plane distortion 
for the 3/14" stiffened plate after welding and after the 
first 3 line heating passes, as described in Chapter Three. 
The graphs show that the distortion patterns of these multi- 
panelled structures are similar to the distortion patterns 
shown by Duffy [1411] and Shin [25] for single panel 
Structures. The out-of-plane distortion increases as the 
distance from a stiffener (restraint) increases. Appendixes M 


through U also show that for the first flame heating pass: 


123 








1. as the panel was line heated the out-of-plane 
distortion decreased all along the panel, with more 
distortion removed as distance from stiffeners 
increased; 


Z. line heating a panel affects adjacent panels; and 


led 


buckling distortion was present in the 3/16" 
stiffened plate along the longitudinal direction, but 


to a lesser degree than in the 1/8" plate. 


4.4 Mid-panel Deflections D(MAX)iT and D(MAX)iL 

Appendixes V, W, X, and Y contain the mid-panel 
deflection data, D(MAX)iT and D(MAX)iL, for the 3/16" and 1/8" 
plates and tables comparing the affect that line heating one 
panel has on the other 9 panels. See each appendix description 
Pesce actlon s. <. 

Both the 1/8" and the 3/16" plates were similarly 
affected by the first line heating passes. See appendixes X 
and Y. The panels were not isolated, since flame heating one 
panel affected the out-of-plane distortion of the adjacent 
panels - well as it’s own. D(MAX)iT and D(MAX)iL in the 
panel that was line heated were decreased. D(MAX)iT and 
D(MAX)iL in the horizontal and vertical adjacent panels were 
decreased to a lesser amount than the heated panel or was 
minimally affected. D(MAX)iT and D(MAX)iL increased in the 
panel that was diagonally adjacent to the heated panel. re 
appears that line heating produced a moment about the 
stiffeners that separated the panels. When the out-of-plane 


distortion was reduced in the flame heated panel the moment 
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Pec tareee about the adjacent horizontal and vertical stiffeners 
was positive, which removed distortion in these panels also. 
As the distortion was decreased in these adjacent panels, a 
negative "secondary" moment was produced in their horizontal 
and vertical stiffeners. This secondary moment caused the 
panel that was diagonally adjacent to the heated panel to 
increase its out-of-plane distortion. For example, when panel 
#1 of the 3/146" plate was flame heated for the first time: 

1. D(MAX)1T decreased by 0.001445 inches and D(MAX)1L 

decreased by 0.0018 inches; 


D(MAX) ZT and D(MAX)2L of panel #2 (the horizontal 


ho 


adjacent panel of panel #1) decreased by 0.013 inches 
and 0.008 inches, respectively; 


D(MAX)4T and D(MAX)4L of panel #4 (the vertical 


iJ 


adjacent panel of panel #1) decreased by 0.0038 
inches and 0.9005 inches, respectively; and 
4. D(MAX)ST and D(MAX)ISL of panel #5 (the diagonal 
adjacent panel of panel #1) increased by 9.0083 
inches and 0.0065 inches, respectively. 
There were some exceptions to the above observations. 
When panels #2 and #8, of the 3/16" plate, were flame heated 
a negative moment was produced about the stiffener that 
connected them to panel #5, which caused D(MAX)ST and D(MAX)S5L 
to increase. Also, when panel #5 was heated D(max) in both 
panels #2 and #8 increased. This could be caused by the added 
stresses on panel #5 as it was the only panel with no free 


edge and flame heating velocities were much slower (1.6. more 
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energy deposited) during the first pass. Panel #4 of the 
3/146" plate buckled when heated, which caused the D(MAX) in 
all adjacent panels to decrease. D(MAX) in panel #6 of the 
3/44" plate and panels #1 and #7 of the 1/8" plate increased 
when heated. This could have been do to the low flame heating 
velocities used. As described in section 4.1 when the flame 
velocity was low enough, it appears that the high energy input 
caused distortion to increase. 

Both plates reacted similarly to the second flame heating 
passes. D(MAX) of all heated panels was reduced and in 
general all adjacent panels were not affected (i.e. the panels 
reacted to the second flame heating pass as though they were 
isolated from the rest of the plate). This could be do to the 
increased velocity (i.e. reduced energy input) during the 
second flame heating passes. 

The third and fourth heating passes applied to panels #1 
and #7 of the 1/8" plate exhibited a reduction in angular 
distortion and D(MAX) in the heated panels. There was no 
noticable change to the out-of-plane and angular distortion in 


the adjacent panels. 
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CHAPTER FIVE 


CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 


5.2 Conelusion 


The purposes of this research, given in section 1.8, have 


been accomplished. The conclusions of this investigation 


based on experimental results and the discussions in Chapter 4 


are: 


ie 


Line heating along the back side of fillet welds was an 
effective way of removing angular and out-of-plane 
distortion on 1/8" and 3/16" stiffened plates. 

It appears that when the flame heating velocity 
decreased and more energy was deposited into the plate, 
the amount of distortion removed increased, reached a 
plateau, and then decreased; the plateau occured around 
19 to Z4 in/min. in both stiffened plates. 

The affect of line heating was not limited to the heated 
panel. Adjacent panels were also affected. This was 
most apparent at low flame heating velocities (i.e. 
velocities less than 14 in/min. or 1/v greater than 
0.070 min/in). 

Line heating applied along the stiffeners in a panel 
structure did not affect buckling distortion, but did 
reduce angular distortion along the edges of the buckled 
panel. 

The actual angular distortion removed for a given 


velocity, in the stiffened plate structure, was a small 
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fraction of that predicted by the free-end sample 
relationship (Figures 2-17 and 2-16). However, the 
magnitude of the free-end sample relationship was within 
a power of 10 of the actual stiffened plate 


relationship. 


Some hECOMNMENDATIONS FOR FUTURE RESEARCH 

This first study provided a good estimate for the out-of- 
plane and angular distortion removed versus flame heating 
velocity. Further investigation is required to increase the 
data base and improve the reliability of the distortion 
removed versus inverse velocity functional relationship. 

Further research in removal of distortion in stiffened 
plates using flame heating should be investigated. These 
studies should investigate the reduction of all forms of 
distortion by using a combination of line heating along the 
back side of stiffeners, spot heating, line heating away from 
stiffeners, and contour-line heating (discussed by T. Borzecki 


and K.Rosochowicz (4]). 
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APPENDIX A 


NOMENCLATURE 


The change in out-of-plane distortion at the 
middle transverse line of panel #i, in inches. 


The change in out-of-plane distortion at the 
middle longitudinal line of panel #1, in inches. 
Angular distortion, in radians. 


Angular distortion in the free-end sample after 
the i-th heating pass, in radians. 


Angular deflection at the middle line on the 
panel # i side of the stiffener between points a 
& b, in radians. 


Angular deflection on panel #1 side of the 
stiffener, between stiffener points a & b, in 
radians. The c designates either L or t. 


Longitudinal angular deflection on panel # i side 
of the stiffener between stiffener points a & b, 
in radians. 


Transverse angular deflection 
Side of the stiffener between 
& b, in radians. 


on panel #1 side of 
stiffener points a 


Average weld size, in inches. 


the free-end sample 
radians. 


Angular distortion removed in 
during line heating pass # 1, in 


Actual angular distortion removed from a 
stiffened plate panel due to line heating that 
panel, in radians. 


d(w) -d(al), angular distortion removed in the 
free-end sample during the first heating pass, in 
radians. 


d(al) - d(a2Z2), angular distortion removed in the 
free-end sample during the 2nd heating pass, in 
radians. 


stiffened plate for panel 
stands for either L or t. 
reference angle, in 


Reference angle in the 
#i, in radians. The c 
Panel # i longitudinal 
radians. 
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Beer tl) 


d(w) 


Dio) 


Dit, L) 


D( MAX) 


D(MAX)iT 


D(MAX) iL 


H( a1) 


H( aw) 


Q/(h#h) 


V 


v(abl) 


VelaG i) 


vy CL) 


Panel # 1 transverse reference angle, in radians. 


Angular distortion in the free-end sample after 
welding, in radians. 


Out-of-plane distortion measurements in the 
stiffened plate, in inches. 


Same as D(i, j). 


Out-of-plane distortion at center of panel, in 
inches. 


D(MAX) on the middle transverse line of panel # 1, 
in inches. 


D(MAX) on the middle longitudinal line of panel 
# i, in inches. 
plate thickness, in inches. 


Out-of-plane distortion measurements of the free- 
end sample, in inches. 


Average out-of-plane distortion of the free-end 
sample after line heating pass # 1, in inches. 


Average out-of-plane distortion of the free-end 
sample after welding, in inches. 
Welding current, in amps. 


Free-eand sample plate transverse dimension, in 
inches. 


Net heat or effective thermal power of welding 
arc, in cal/cm. 


Heat input parameter, in cal/(cm##3). 
Flame heating velocity, in in/min. 

Line heating velocity applied to the panel # i 
side of the stiffener between points a & b, in 
in/min. 


Actual flame heating velocity applied to the 
stiffened plate, in/min. 


Flame heating velocity during pass # 1, in 
in/min. 


Welding voltage, in volts. 
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APPENDIX BE 


FUNDAMENTALS OF LINE HEATING 


The line heating fundamentals described in this appendix 
were based on applying heat to ordinary mild steel plates 
uSing an oxy-acetylene torch [5]. These fundamentals apply ts 
flame straightening as well as to flame bending. 

The parameters that govern the degree of deformation 
which occurs during line heating are: 

-torch-tip type and size 

-distance between torch-tip and metal plate, 

-torch travel speed, 

S=sotlrmigumetnod (water or air), 

-gas, oxygen, and water flow rates, 

-distance between heating center and cooling center, 
-plate thickness, 

-material type, and 

-Stresses mechanically applied before line heating. 

With torch speed as the only variable, the unbalanced 
Shrinkage between top and bottom surfaces causes bending, see 
Figure B-4. The bending effect is defined as the difference 
between the shrinkage on the heated side (A) and the shrinkage 
on the unheated side (8B) of a plate. Figure E-1 shows that: 

1. at very low speeds (high temperatures), total 

shrinkage is large and the bending effect is small, 

Z. aS Speed increases, shrinkage decreases exponentially 


while the bending effect increases relatively fast, 
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Passs= EnPOuUgh a maximum value, and thereafter reduces 


qradualiy,. and 


tr] 


ot 


there 15 only a limited useful range of speeds a 
which both acceptable shrinkaqe and near maximum 
bending effect are obtainable (around the peak in the 
Seas CURVE). 

Figures E-Z, 8-3, and B-4 were obtained by varying plate 
thickness, travel speed, and initial stress while all other 
Parameters were held constant [91]. It is clear from these 
figures that: 

-the angular distortion (bending) shown in Figure B-2, 
particularly for t=14mm, are clearly related toa bending 
effect as plotted in Figure E-1, and 

-the existence of initial stress as shown in Figure E-3 
and particularly the increased stress shown in Figure 
E-4, result in increased amounts of permanent 
deformation after line heating. 

Obviously, applied initial stresses greatly facilitate bending 
hy line heating. 

Figure B-3 shows the effect of applying subsequent heat 
passes on the same line, the bending effect diminished with 
each successive pass (5, 24]. Figure E—-& shows that when 
subsequent line heating passes were greater than 30 mm apart, 


there was no réduction in the bending effect [4]. 
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APPENDIX C 


Bees ew esate bho RECORDED DATA 


3/16 INCH THICK FREE-END SAMPLES 


iF 


A. AFTER WELDING 


| TIME (t) 


I 


VoMR ot 


I 
I 


dt w) 


L 


i ACaw)-h i 


hi 
CinchesJ + Cinchesd « CinchesJ : Cradiansd: Cvolts) : Camps) | Cseconds] | 


— me me i ea i ae se Se ee ee ee ee ee eS ee ee eS SS ee i ee ee ee Se te 


H{ aw ) 


SANPLES | 


Cinches] | 


doe asg eae 


1 12.0625 1+ 0.02497 OP oroloued 


+ 0.4865 + 0.185 + 0.3015 


F 


1 4504/47 .8 5 


1 0.185 


0.4913 


G 


159 = ¢ 48.0/53.6 | 


21.8 


1 0.02706 


+ 12.0000 


0.5100 


H 


21.8 


0.338 + 12.0000 : 0.02811 


0.185 


al/cnt3) | 


Q 
al/emd | Cc 


fe 


SAMPLES 


yc O00 se 


737 4 


5066.8 


695.64 


H 


3028.8 


487.0 


jf 


@ Time to weld side 1/tine to weld side 2? 


1) déw) = 0.5 &% arctan C { Haw) -b + /( 0.546 93 


NOTE: 


Q=CO75 4 O24 KVR TA 27/0043) 


2) 
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R, AFTER THE FIRST FLAME HEATING Fads 


oifeeeesi ry a Haid = ¢ wai) i dri) ¢ TIRE (t) ( VELOCITY (vidi = =6i/vi i: 
i Cinchesd + Cinchesd « Cradiansd i Cradians] i: Cseconds] :  Cin/nind 1 Cmin/ind ; 

E | 0.24183 | 0.03483 | 0.004736 | 0.01400 | LV a 7 14.930 | 0.0686 ! 

te ! G.31783 : 0.13283 : 0.011068 0.01391 37.02 19.098 6.0510 

G ! 0.376 ! 0.1889 : 0.015703 0.00967 23.06 28.205 ¢,.0355 

H ! 0.4692 ! 0.2802 ! 0.023340 0.00373 20.41 34.934 0.02864 ' 

I ! 0.4913 . 0.3063 | 0.025506 ! 0.00260 ! 13. 40 46.768 0.0214 : 


NOTES 1) dai) = 0.9 8 arctanO ft Hald)-ht/( 05 %L 9] 


2) dri) = dw) - dal) 


C. AFTER THE SECOND FLAME HEATING FASS 


SAMPLE + Hla?) ¢ Hla?) -h +: d€a2) 1: dir?) ¢ TIME (t) ¢ VELOCITY (v2)! live 
i Cinches] + Cinches] | Cradians] | Cradians] | Cseconds] | Cin/sin] + Cein/ind | 

G + 0.28683 {| 0.10183 : 0.008454 : 0.00725 : 25.58 | 28.294 0, Occ 

H : 0.43483 | 0.24983 ¢ 0.020807 : 0.00252 : 20.28 | Goce ieeoevece ns 

I i 0.458 1 0,273 | 0.022734 | 9.00277 +: 15.36 |! 46.890 | 0.0213 | 


NOTES 1) a2) = 0.9 ¥ arctan f Ha2)-h}/ COOL DD 
2) d(r2) = dai) - d(a2) 


3) Samples E and F overcorrected on the second heating pass and measurements were 
not taken. 


D. feternination of average slope for d(r2) versus v relationship. 


SAMPLE 1 d(r2)/d(r1) i ( vi- v2 ) 8 1008 7 vi i 


G i 0.7494 0.207 & 
He Veta! 7 oe 
I i 1.064 0.26 2 


The average d(r2)/d(ri) was 0.83 or 83%. Therefore, the d(r2) curve in Figure 2-17 
has slope of 83% of the d(rl) curve. 
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T. 1/8 INCH THICK FREE-END SAMPLES 


A. AFTER WELDING 


SAMPLES | Hlaw) | h | Hlawi-h | u 1 6 6Cw y el eri mes(t 
| Cinchesd | Cinches] | Cinches] | Cinches] | Cradiansdi Cvoltsd + Canpsd 1 Csecondsd | 
A | 0.426 ¢ 9.125 ¢ 0.301 ¢ 12.0000 | 0.02506 |: 19 UC aSe77r 84 
B + 0.3648 +: 0.125 ¢ 0.2398 : 12.0000 : 0.01998 | 19 : 100 {+ 45.00 | 
C + 0.3335 : 0.125 $$ 0.208 : 12.0000 1: 0.01737 (| 19 ; 100 : 43.95 $ 
i i0eg0e; ©, Owleo; (Oelddzeen 12,0000 1 0.01513 4 19 ; 100 +: 43.30 ¢{ 
E | 0.331 $: 0.125 ¢ 0.206 : 12.0000 1 0.01716 «| 19 ; 100 + 44.09 $ 
SAMPLES : = @ 1 O/C ARH) 
‘Ceal/emd + Ccal/cmk3d | 
A | oeseie & $215.8 | 
B | o4ge47 + $427.1 | 
f + 390-48 | 3330.0 | 
p Reco meszl sal) 7k 
E meecieee es ,6~lUSee a A 
NOTE: 1) d(w) = 0.5 & arctan CO f Haw) -h}/( O58 LD) 2 


2) @=CO7,FO24EVETRE2ZI/C vk 32 


B. AFTER THE FIRST FLAME HEATING PASS 


SAMPLE | H(al) : Hlald)-f | dal) o¢ (rl) ¢ TIME (t) ¢ VELOCITY (vidi = I/vl 
i Cinchesd : Cainchesd «| Cradiansd | Cradians] i Csecondsd | Cin/mind {| Cein/ind 

4 | 0.38233 | 0.20733 | 6.021431 | 0.00363 7 eaeay 3 30.528 ! 0.0328 

b 3 Oijd05 | 0.2085 : 0.017348 : 0.00261 ! 15.31 } 47 028 0.0213 

C : 0.30317 ! 0.17817 ! 0.014843 ! 0.00253 17.97 4.078 0.0250 

0 | 0.21167 | 0.08667 | 0.007222 | 0.00791 ! a lhayd ! 19.131 @ ! 0.0523 

E ! 0.30117 ! 0.17617 ! 0.014676 ! 0.00248 | 15.80 58.499 8 0.0258 ' 


iW) 





& The line heating path length of samples [I and E where 10.1875 inches not 12 inches as 
in the other samples. 


NOTES 1) d(at) = 0.5 k arctan O f Wat) - hd / 0 GOL DT 


d(w) - d(al) 


2) dri) 


C. AFTER THE SECOND FLAME HEATING PASS 


SAMPLE | 3 Ha2) ¢ Wla2)-h ¢ d€az) ft d(r2) 1 TIME (t) + VELOCITY (v2); l/v2) 
| Cinches] + Cinchesd i Cradians] i Cradians] i Cseconds] i Cin/aind) =| Cmin/ind | 

: : 0.31883 , 0.19383 | 0.016147 | 0.00528 ART! ; 30.056 0.0333 : 

B ! 0.32133 ! 6.19633 : 0.016359 ! 0.00101 ! 15.49 2 46.482 0.0219 ; 

E | 0.293 | 0.148 : 0.013996 | 0.00085 | 17.98 : 49.056 ! 0.0250 

E : 0.2802 : Welaoe ! 0.012928 : 0.00175 | awe ! 38.287 ; 0.0261 


NOTES 1) d(a2)}=0.5 & arctan C { H(a2)-h} / (6 05%b 7 
2) d(r2) = dlal) - dia2) 


3) Sample 0 overcorrected on the second heating pass and measurements were not taken. 


D. fletermination of average slope for d(r2) versus v relationship. 


SAMPLE 1 d(r2)/d(r1) ¢ ( vi - v2) 4 100% / vit 


ie ae te > ee ee ee ae ae ee oe Oe eS SSS Se eee Se eS eS eS eS SS ow Se 


AG Sie leasdo 1.945 7 
Bo; (0.3884 Velee 
E i 0.7041 5 1.065 2 


The average d(r2)/d(rl) was 0.849 or 84.92%. The d(r2) curve in Figure 2-18 has slope of 80% 
of the d(rl) curve. Sample C was not used to determine the slope of d(r2) since the angular 
distartion removed during the second pass of sample C is much lower then that which would be 


expected. 
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APPENDIX D 


See eee ee POATE CUL-OF-PLANE DEFLECTION READINGS 
Pe@enbe bear rERe LINE HEATING THE FIRST PASS 


Sepanain YP GOnveinseilO Sets of Gut-of-plane Weflection 
measurements. The ist set was recorded after welding But 
prior to any line heating. The rest were taken after each 
panel was line heated the first time. See Table 2-1 for the 
lst pass line heating sequence. 


NOTE: In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in .901 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
PHeminagtatx labeled “BISTGRTION MEASUREMENTS OF 3/16" PLATE 
AFTER WELDING" is -0.075 inches (1.8. 0.075 below the 
reference point). This point 15 designated D(4,2) as it is 

on the 4th line in the TRANSVERSE direction and the Znd line 
im the LONGITUDE direction. 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8, 6, AND 1 WERE LINE HEATED THE FIRST TIME 
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LISTORTION OF 3/16" PLATE AFTER FANELS 5, 4, 2, 8, 4, 1, AND 7 WERE HEATED THE FIRST TIME 
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DISTORTION OF 3/15" PLATE AFTER PANELS 5, 4, 2, 8, 6, 1, 7, AND 3 WERE HEATED THE FIRST TIME 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8, 6, 1, 7, 3, AND 9 WERE HEATED THE FIRST TIME 
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ee eee eee Ee erir tc OUL-Or-PUANE DEFLECTION READINGS 
PEGCORE EH ALTER LINE HEATING THE 2ZND FASS 


Appendix E contains 7 sets of out-of-plane deflection 
measurements. The 1st set was recorded prior to any Znd pass 
line heating. The rest were taken after each panel was line 
heated the 2nd time. Panel # 4 was not heated a second time. 
This panel had excessive buckling and a 2nd line heating pass 
would provide no useful data. See Table 2-1 for the gnd pass 
line heating sequence. 


NOTE: In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are im .901 inches. For example, the out-of-plane 
PeoteGilomwst JO5imeches TRANSVERSE and 2 inches LONGITUDE, in 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/14" PLATE 
AFTER WELDING" is -0.075 inches (i.&. 90.075 below the 
reference point). This point is designated D(6,27) as it 15 

on the 4th line in the TRANSVERSE direction and the znd line 
an the LONGITUDE direction. 
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NISTORTION MEASUREMENTS OF 3/14" FLATE PRIOR TO START OF SECOND HEATING PASS 
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DISTORTION OF 3/16" PLATE AFTER FANEL 3 WAS HEATED THE SECOND TIME 
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DISTORTION OF 3/16" PLATE AFTER FANELS 5, AND! & WERE HEATED THE SECOND TIME 
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DISTORTION OF 3/16" FLATE AFTER PANELS 5, 6, AND 2 WERE HEATED THE SECOND TIME 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8 AND 1 WERE HEATED THE SECOND TIME 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 6, 2, 8, 1, 3, AND 7 WERE HEATED THE SECOND TIME 
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APPENDIX F 


Pecos ter ENED FTUATE GUT-OF-PLANE DEFLECTION READINGS 
Tote hvE ne tone Ne HEATING THE FIRST PASS 


Pepemdsx & GOntalns 19 setsPof ocut-sf-plane deflection 
measurements. The ist set was recorded after welding but 
prior to any line heating. The rest were taken after each 
panel was line heated the first time. See Table 7-2 for the 
lst pass line heating sequence. 


NOTE: Im appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in .901 imches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/716" PLATE 
Rete EL DING is =—0.075 inches (1.6. 0.075 below the 
reference point). This point is desiqnated D(4,2) as it is 

on the 46th line in the TRANSVERSE direction and the Znd line 
mate LONGITUDE direction. 
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DISTORTION MEASURENENTS OF 1/8" FLATE AFTER WELDING 
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DISTORTION MEASUREMENTS OF 1/8" PLATE AFTER FANEL S WAS LINE FLAME HEATED FOR THE FIRST TIME 
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DISTORTION MEASUREMENTS OF 1/8” FLATE AFTER FANELS 5 AND 4 WERE LINE FLAME HEATED FOR THE FIRST TIME 
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PISTORTION OF 1/8" PLATE AFTER FANELS 5, 4, AND 6 WERE LINE FLAME HEATED FOR THE FIRST TIME 
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HISTORTION OF 1/8" PLATE AFTER PANELS 5,4,6,AND 2 WERE HEATED THE FIRST TIME 
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DISTORTION OF 1/8" PLATE AFTER FANELS 5,4,6,2,AND 8 WERE HEATED THE FIRST TIHE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5,4,6,2,8, AND 3 WERE HEATED THE FIRST TIME 


ma lq et OS Oe 


TRANSVERSE 

cece 102 ly 16 18 2) 22 kG A 
-124 =i gea1le —114 9-10? -104 0 ie 107 106-76 SOG 110 SG igesl 20 
114 “131 = iy al -96 98 
oil alg -81 el a qo -80 
“105 =e wie 4) -4§ ~4] ~62 
-101 =e -60 -4) =o -28 44 
-100 ~164 -30 -36 ly -18 26 
See cmelolmmlonmas); sv lee tae-27. -25 -17. -17. -1) -11-6.5 -2 3-10. -18 -11 
ree: -161 =o a 6 10 J 
ay 2 alae -26 12 6 15 18 
76. aly, 37 is 18 32 
ih 121 aoe ws en 33 46 
-104 94 =17 44 a3 w4 18 
7seaoejemryee=s) cto “lo -3-0 3 IF 2 4 43 #1 6 64 %75 84 84 
-104 ave SiO 26 49 dy 89 
109 = 6 24.9 40.9 Y49 92 
a107 ait7 = J &0 wy 101 
-108 Sie 6 1s 28.9 w4 108 
~110 =16 =o aive 64 62.9 112 
SUMWeemeee; eed) -2d -2sg “1.0 -4 %O 15 4 & 73 %?78 B19 92 103 118 
-118 aod “3 16 ne 88 120 
Sie 48 “4 48 i] 84 ve 
Sle), ~61. 1 dg I3 85 Vel 
ala shy “6 46 76 91 123 
=138 B86 alia 18.5 iB 71 130 
sia) 26-105 +87 =6/7 Seem). | (CO 2S 68 81 90 100. 109 ay 
=l52 slot mel 20 16 88.3 125 
-161 -174 =32 O06) 66 Fico re 
sar 2 “195 -4) 34 61.9 wl 121 
-183 -209 aoe 29 72 3D 1164. 
as -224 =O. Iced dead 2? Is 
aCe ere ecole) -e 70) op 26. -6 1021.5 39 21 13 18 % 69 10) 
-220 Seas -85 17, 33 ] 100 
=23 - 247 -100 Re 24 3 92 
-249 soo) a3 “33 12 9 85 
-267 =z) Soy Sap 10 i 
“E02 — 243 -147 ail -10 11 &) 
=301 -254 -227 -204 -182 -159 oN es ee ik -28 aes s. cue he 


177 








——_ =o oe — =< ee =e & = 


— 
YD oO of & rr © 


— 
r 


hee ee pee 
> co oo ». 


“J 


Mh 


Fr 


J 
=> 


r 


C4 oy ON cy Po pmo 
CO ee FI a OC oe 


—= ee ee ee) ——= == =e -—— ee «ae oo 2 ees oe 


> 
= co 


| 


> 


r 


ma oS at et GQ Se OS CLT 


> > 
on~ > 


=e = on -— a -—-—=— —_—-_ = =a -_=_ = aan aa = = maa ad -_- 


te ae Oe Sw 


ee OSS SS SSS SSS PBS SS SS SSS wee S2 22S SS Sl 2 SS Ses S2 © SS SS S86 SS Ss SS SF SSF FSO SF SS S28 SCS SSS GS S22 SSF SO FS SSF VSS SO SOs S22 wees eS eS eS = 


-76 aio aor. 70-70. —Be ide ONTO Ta. od -98 -100 -101 -104 -111 
-76 -100 -18 -66 -40 -B6 89 
-81 -130 -48. ea -47, -64 -69 
Zhe. 140 oe -28 aa5 “36. “30 
~86 -176 =o - 40. “22 ay Boo 
-90 -185 -45 24 -10 ay a 
oP - 18-17. -1y/ -72 -40 -1) -6 ~s& -6 -6 -3 1.5 8 65 § -4 § 
“98 -188 ay ig 2 19 18 
= -145 -24 Soh 14 23 a8 
-100 -134 ay 40 23 26.9 4 
-104 -110 sea a 28 42 60 
-108 -B4 -18 ag 44 &4 71 
soos ey) -ou. -24 -16 -3 7 19 == OW OU U6 UCP CUR O8 
aid -89 -10 23 28 68.5 104 
-101 -108 atte Coa 8.9 48 107 
-101 S107 -4 =a 68.9 7) 116 
-100 aay. ae -20 47.9 4? 123 
ae? aie 2 “16. 73 78 126 
sae-yaemeer -co -S/. -19 4:5  4-1.9 0 18 4 77 84 91 96.5 104. 116 131 
sits -41 ico 21 80 101 ros 
-104 -34 é 4 82 96 133 
-108 -47, HE 8.5 84 96.9 133 
-113 -64 7.3 40 88 102. 134, 
a -68 2 Song 86 102. 141 


-125 -104 -84 -47 -48 eee eG wr co a7 0 BI 7S 10259 2 1 10a? 
-128 -116 aoes 4) 89 99 ies 
gs elas -14 a 80 85 le 
144 =179 =21 J 7) é3 129 
132 -184 -0 47 88 48 124 
=1o3 -196 =o7 35.0 48 42.3 Le 
=a —ire oo) —20r -¥ey -113 -50 -26 = 15 #9 3 34 B75 89 2 WM 1l2 
-183 -203 “99 2 48 19 104 
-196 214 a ae 4) 14 98 
-207 a8 -86. -10 30 2iea 91 
-229 Sele a 28 23 21.9 80 
238 -204 “115 46, 9 oan 70) 
wade -212 -187 -166 -147 -125 -B6 -70 -30 -d2 -8.5 1632.9 42 So él 


172 





DISTORTION QF 1/8" FLATE AFTER PANELS 9,4,6,2,8,3,1,AND 7 WERE HEATED THE FIRST TIME 
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APPENDIX G 


foes iE PENED PEATE OUT=-GF-PLANE DEFLECTION READINGS 
ReeehWEW eae TER LINE HEATING THE 2ZND. SRD, AND 4TH PASS 


Appendix G contains 8 sets of out-of-plane deflection 
measurements. The first 4 are for the f#nd heating pass, the 
next ¢ are for the 4rd pass, and the last 2% are for the 4th 
pass. See Table z-2z for the line heating sequence of each 
pass. 


NOTE: In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in .001 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
{he matrix labeled "DISTORTION MEASUREMENTS OF 3/16" FLATE 


AFTER WELDING" is -0.075 inches (1.2. 0.075 below the 
reference point). This point is designated D(4&,2) as it is 


on the 4th line in the TRANSVERSE direction and the Ynd line 
Poe] LONGITUDE direction, 
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DISTORTION OF 1/8" PLATE AFTER PANEL 5 WAS HEATED THE SECOND TIME 
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DISTORTION OF 1/8" PLATE AFTER PANELS 3 AND 4 WERE HEATED THE SECOND TIME 
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QISTORTION OF 1/8" PLATE AFTER PANELS 5,4, AND 1 WERE HEATED THE SECOND TIME 
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[ISTORTION OF 1/8" PLATE AFTER PANELS 5,4,1, AND 7 WERE HEATED THE SECOND TIME 
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HISTORTION OF 1/8" PLATE AFTER PANEL 1 WAS HEATED THE THIRD TIME 
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HISTORTION OF 1/8" PLATE AFTER PANELS 1 AND 7 WERE HEATED THE THIRD TIME 
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DISTORTION OF 1/8" PLATE AFTER FANEL 7 WAS HEATED THE FOURTH TINE 
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-139 -19 
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-120 19 
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-146 -68 
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-239 -94 
-217 -109 
-204 -134 
-232 -209 -185 -161 -131 
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TRANSVERSE 
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i ~155 ~99 
6 | -172 -93 
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12 | -163 -172 -174 -164 -144 -118 -116 -90. -77 -74 -75 -78 -78 
14 | -149 -55 
fea -125 -34 
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20 | -117 7 
qa -125 -33 
24 } -180 ~142 -103 ~69 -40, 
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34 | ~140 ~19 
361-176-164 -146 -125 -107 -97 -91. -47 -12 0 -6 21-27. 
38 | -109 i5 
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42 -123 19 
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48} -194 -155 ~105 -85 -34 
50 | 
52 | 
54 | 
6 
58 
60 
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6B 
70 } 
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Meteo ay bo 6S LT PPENEDOFLATE MID-PANEL DEFLECTIONS 
Hotei tee keal LINE HEATING FASS 
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The horizontal coordinate is transverse or longitudinal 
displacement. measured in inches. and the vertical coordinate 
is out-of-plane deflection. measured in thousandths of an 
legit 
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The horizontal coordinate 15 transverse or longitudinal 
displacement. measured in inches. and the vertical coordinate 
is out-of-plane deflection. measured in thousandths of an 
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Peete Sines  SLIFrFENED PLATE MID-PANEL DEFLECTIONS 
everett | URow ENE HEATING PASS 


The horizontal coordinate i5 transverse or longitudinal 
displacement. measured in inches, and the vertical coordinate 
is out-of-plane deflection. measured in thousandths cf an 
ie A. 
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Peo sine iy 6 STIFFENED PLATE MID-PANEL DEFLECTIONS 
Sete h tae ce c UN EINE, HEATING FAss 


The horizontal coordinate is transverse or longitudinal 
displacement. measured in inches, and the vertical coordinate 
is out-of-plane deflection. measured in thousandths of an 
Pact. 
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The horizontal coordinate i165 transverse or Longitudinal 
displacement. measured in inches. and the vertical coordinate 
is out-of-plane deflection. measured in thousandths of an 
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The horizontal coordinate is the transverse displacement, 
measured in inches. and the vertical coordinate is out-of- 
Plane deflection, measured in thousandths of an inch. 
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The horizontal coordinate is the transverse displacement. 
measured in inches, and the vertical coordinate is out-of- 
plane deflection. measured in thousandths cf an inch. 
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The horizontal coordinate is the transverse displacement, 
measured in inches. and the vertical coordinate is out-of- 
Plane deflection. measured in thousandths of an inch. 
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Peer ihe S/o" STIFFENED PEATE TRANSVERSE 
Pits oe -F LANE DEFLECTION READINGS FOR LINES 
PES a ROUG hen L 7? 


The horizontal coordinate is the transverse displacement. 
measured in inches. and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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eeeiaeen THE S716" STIFFENED PLATE TRANSVERSE 
Mies eo o> Pee Ne WEP EC TION SREADINGS rOR LINES 
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The horizontal coordinate is the transverse displacement, 
Medsuirea in inches. and the vertical coordinate is out-of- 
Plane deflection, measured in thousandths of an inch. 
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min We -PEANS DEFLECTION READINGS FOR LINES 
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The horizontal ccordinate is the longitudinal 
displacement. measured in inches, and the vertical coordinate 
is out-of-plane deflection, measured in thousandths of an 
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APPENDIX T 


Peewee: THE s/lb 9 STIFFENED PLATE LONGITUDINAL 
Ofe-Cr- PLANE DEFLEGTION READINGS FOR LINES 
BN THROUGH EN4 


The horizontal coordinate is the longitudinal 
displacement. measured im inches, and the vertical coordinate 
is out-of-plane deflection, measured in thousandths of an 
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eet es eNED PLATE Win-raANEb DEFLECTION DATA 
DCMAX}iT AND D(MAXIALL 


Pit Seappendix contains the mid-panel deflection data, 
Petes vit and Di MAX)iL. for the 4/146" stiffened plate. The 
data 15 in tabular form. All deflection readings are in 
wietiscandiths Cf an inch. See Figure 3-2 for the definition of 
Petax)iT and D(MAX)iL. 
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APPENDIX W 


Pc eee ENED cae Meher ANEL DEPLEGTION DATA 
D(MAX) iT AND D(MAX)iL 


This appendix contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL. for the 1/8" stiffened plate. The data 
is in tabular form. All deflection readings are in 


thousandths of an inch. See Figure 3-2 for the definition of 
Peta x) iT and D(MAX)iL. 
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PANEL #5 WAS HEATED. 





1 

t 
I 
I 
' 
| 


Roop) 
43 | 
aa 


en ee oe oe oe oe 
in 


J 
\ 
1 
1 
-94 5 


points af that panel’s 
SO) adi 


io 


{ 
i 
t 
1 


Lil MAX 36L 10 MAX 7L  DCMAX JOLT LIC BAX PL 


c 
w 


See Figure 3-2 for the definition of DCMAX iL. 


enter of panel i, referenced to the 


nnnecting the mid 


Lilt MAX 14h cD MAX ? 


1 
| 
' 
J 


18 | 


a 


oht line : 


transverse stiffeners, 


Ii HAX } 
oe nn a rr 


i 
J 
I 
J 
I 
1 


TC MAX }2L 


J 
| 
$ 
1 
I 
I 


Qut of plane deflection at the » 


lonoitudinal stra 


Dt MAX }1L 


WELD 


iHEATEDE 


DAMAGED 


1 
1 


WAS 


-16 1: PLATE 


-—— == 


=——_ = = 


-_—— 


DAMAGE 


N 


a7 oe 


Boy eras os 
pelo 


eoaedes 


Weis 


=———_- =— = 


Sa ced neces) Jar 


ad 


“14 5 
§ 


24 1-74.25 
Soe sie ies 


oh 


ree 


=o 
a 


-40 | 


60.73 1 


rw 


on of 


FANELS H9 AND R4 WERE AFFECTED 
305 


MARA THE PLATE WAS DAMAGED WHILE TAKING QUT-OF-PLANE DISTORTION READINGS AFTER 
PANEL #5 WAS HEATED. 
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